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Ia  lAlA  tit«  rvAtttt*  oT  •  AuMMvr  of  •■|»ori«wAts 

*r«  |>r«t«Al*4  M  «»«H  *«  «  AUMMry  of  iA«  l•»cor•tle«i  worii. 
•uU  tlirasnold*  for  ••vorol  rooy  tAanplo* 

fro*  difforoot  •oure«»  *r«  prosontvd.  Tho  of  AurfAco 

dOM«9«  It  dIACUASrt  ,  And  ^uAlltAtiv*  eam$>s t  i  r ot%§  t»ciiw«<*n 
•ntronco  end  oiiit  surfeco  dAno^o  aca  Mdo.  uifforAncAA 
b«tMA«n  th«  groAs  ch^rACtAristiCA  of  OoiJi  d«JM<|«  in  ruby 
And  SApphiro  Aro  proAoniAd  And  dtACuAAod.  Tho  dopAndonc# 
of  dAiM9A  thrMhoId  on  Ti02  doping  And  optiCAl  punping  is 
prsAontAd.  ThA  unAxpACtod  rAsalts  ata  discussAd  And  fjrthsr 
AxpAriatnts  propoAAd.  THa  thAorAtlcAl  trostMnt  dAAls  with 
procASSAo  by  which  "cold*  conduction  AlActrons  My  dAMgo 
thA  lAttiCA  bAforA  thAy  «'Ain  Anough  AnArgy  to  ioniSA  thAir 
surroundings.  Xt  is  shown  thst  ths  Ansrgy  thst  ths  con¬ 
duction  AlActrons  Absorb  linsArly  frosi  ths  opticsl  bssa  is 
dOpOSitAd  AlSDSt  iMBAdiatAly  in  thA  lAttiCA  And  is  of  suffi- 
oisnt  MgnitudA  to  font  a  rupturing  shock  wava.  it  is  Also 
shown  thst  ths  photOAXcitstion  of  iaqpurity  IavaIs  is  AnhsncAd 
by  thA  prASAncA  of  conduction  AlActrons.  Ths  prossncA  of 
conduction  AlActrons  And  Axcitsd  inpuritiss  is  liksly  to 
Alter  thA  rAfrsetivA  index  significsntly  end  effect  the 
focusing  (self-  or  AxtAmsl)  in  a  cosg>licAtAd  wey.  In^li- 
cAtions  of  these  results  for  rsising  dAnege  thresholds  ere 
discussed. 
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4.  JN^4  «l'iim»*«*fj;  of  •*•»?<• 


Tin#  ««|Mit  #i  tro.#* 

^rt<.4  <|wot»4  of  44  f  Jets  «#e4i* 

mm  H«w  Mc»iiif4«M  •tv4  <>‘*^4  <l}v«  i**«t  ••>  it  o<|«# 

itwry  r«lt«l»ly-  *»"  •  mtaiM,  '.'^i» 

i  •h«4  try  lh«  of  •  «t«  ck>a<  t  o  4  •  a>4  to#«MV«Al 

rvflvctor  i  3  wm  tipmtxutm  «a4  • 

•Miriiy  ctil  tl»r  at  tot^t  h«v«  ummm  cmiiim4  «Mt  4trr«f«i«l 

C4iibr«t«<l  4»i«ctor»  9iv|fi9  mm  *  M»r«  rvMoikaitl*  n»*««r«  of 
th#  unovrtAiniy  in  our  owtfnit .  but^  thr««i»ol4 

iurofwntt  how  boon  oorriod  owl  for  •  nmmtmt  of  rufry  mmI 
•apphtro  aajiplo*  obtatnod  from  difforant  aowrcva.  Otibifa 
at  both  antranoa  and  aait  aurfacaa  haa  baan  baarttnad  abd 
cartain  conpariaoaa  ara  aade.  tha  diffarancaa  batwaaa  tfia 
froas  charactariatica  of  bulk  dawa^a  in  ruby  aad  aapphira 
ara  praaaotad  and  dtacuaaad.  Tha  a  f fact  on  daaafa  thraahoid 
of  Ti02  doping  haa  baan  atudtad  for  both  ruby  and  aapphira* 
and  a  pronojncad  lowering  of  thraahoid  waa  found  fcontrary 
to  pravioualy  raportad  rasuitst .  tfa  hava  earriad  out  a  faw 
axpariaanta  in  which  tha  danaga  thraahoid  waa  aaaaurad  aa  a 
function  of  optical  ptaaping  for  both  ruby  and  aapphira.  Tha 
unaxpactad  raaulta  ara  dtacuaaad  and  furthar  axpariaanta 
propoaad . 


B.  Bxparibantal  Apparatua 


Tha  apparatua  uaad  in  tha  danoM  thraahoid 
axpariaanta  ia  aaaantially  tha  aaaa  aa  that  wacribad  in 
tha  pravioua  raport  (Saad-Annuai  Raport  No.  1),  and  only 
tha  aodificationa  will  ba  daacribad.  A  achaaatic  rapraaan- 
tation  of  tha  apparatua  ia  ahown  in  Pig.  1.  Tha  aain  diffar 
anca  batwaan  thia  apparatua  and  that  ahown  pravioualy  ia  tha 
uaa  of  a  dya  Q-awitch  in  placa  of  tha  rotating  priaa  in 
tha  laaar.  Wa  uaa  a  aolution  of  cryptocyanina  in  aathanol 
in  a  1  nm  pathlangth  call  tha  optical  tranabiaaion  of  which 
ia  30%  at  6943  A.  Another  faatura  not  ahown  in  tha  firat 
apparatua  is  tha  NgO  diffuaar  placed  after  tha  aaapla  and 
tha  aaaociatad  aonitoring  detector.  Tha  aignsla  frob  chia 
detector  and  tha  one  which  datacta  tha  light  reflected  frob 
baamsplittar  B2  ara  integrated  and  diaplayad  on  a  Tektronix 
555  dual-baan  oacilloacopa.  In  addition,  baab  aplittar  B2 
haa  baan  rotated  ao  that  tha  light  ia  incident  buch  cloaar 
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«.  *4-  •>**  4it  fi#«l  t$m  lik«4 

«««<•  #  #.  >;•>•*)«  «  <.  *  **•  i  4  # •<  I  ef 

V  •>•*•  ♦  •  •  f  4  ♦  44»  V.o4  *  ♦  •»*■.<  #>•  ^  i  #H  •*  <  "  44*  4  »  <«.»  I  4  4>  4  #  I 

«i«l<»«44  <<  •!  t*0*  4^>4tt^-*nn4  f  ♦  "M*  < '■«•  •«*»+  ,  f)k«f« 

*  |r*  V'**  Ito  •.r  fit  *<(•<<  *4  "  f  <  ^<4  4  V*^**-*  f  #4  4  O  of 

o444**  ♦<“  r  •»4(^  ^*>  '  ♦>»  4  ♦  •(u|||^<^4  «i4>  „  ♦Me*  j  4Si-  4s*o 

#>«HI||>4«  *4  4^  4i*-«HI  9W  4«  •»«  f»4  4*~4«  V  4»«  «4»  4  <*'»lll|' •  •  }|- 

4  4»»4  ♦«  •  4  4,#4  4:v<«4«  4M>t  V**^  t><M4  •lAi*  £  |  tfIK fcftilpi# 

44  44m  i>44f,«  of  4  44T  4  fts>*<r4*  bH  44«i  4»«.«i4n*^,;  »4  4«#  »<  #4|l»  |rf>,  fivt* 

s  •*4ff4-4  ^4  f  t*4«‘44«w^  4  4  »¥  4  ftm#  •*kto'4  l^t 

«%<«4  f^4*  ««o'«.4  #  #«-*4.44  4^  4  !>»•»*■#■♦  i*-  4ih»s  l4»l«t 

•M»>4|M  •#  iMo-  4»<»  4»  141104  o 4  ♦  1i4*».  IJk* 

iKKKWt 4  4  44»4  4 •>*-4»4  fo«  »«#;s*4  aft-f}**  »f  ia^i^anga 

4«44»t«  %4m  ««f  tA'OH  4  *^4  If  *•  f»*'4tf  |  >i>nai»i»>»4  of  aonala.  tfk« 

tif^i^34M»  »»*«♦  i«*4o44M»«  f»a4«t«  4lffa4«*« 

4fM»  •«f**4*«  ««  44k«4  |^o4o4|I|«iJ»  tt«  ^  j  ImA*  #1 

4A«  Sf|A41  «<oa44«*w4  4M«»«I|A  •  »«» 

«^H*4^  <  44^  44m»  •!«#•«*  4M«i0ik  <  |4iia4rf 

y  •«  «44!V  4ili.|«  lAa  f4tM4  tlW 

»«  4o»  •Ii#i».|  g> a* fait  la 

|4Mtllft4A  4A  4A*  fr«mM  fia»a  a««aa*  aAiaa  aa^i  tA*aU  frtM» 
MMil  la  aliAMiaM  41^  !*«  :aaaf 

94Ma  4aw  a.  Or.  a^4a«H»  alMotw*  ia  flf,  I  a*  aatlaifl# 
a444Haaa4«fa  Vaow  i^af  a««a  aaaA  f»f  IAiai  |w»ffwnt ,  •Ifiot 

a4»  aiaM)#  4a  iwaiaiaa  laaaaa  I*  ana  taa«  IwciW  a« 

aflaA  414  aM<4  Mi*  ••rffi#fa*4  fwa^t  l«  gAM'#  4afiA^  alUk  4lia 
ImM  f<ar4t  la)i»f4f^  <«#.>  m-f-  laM.  ta4t*44  a«  imim  a4uri4i4 
IM  fjiMif  1*4  II4»  I*  4M  aiif^Dlfiar  4«  <»«4ia  MtlallOM  ftn 
aaAfaA  |w»>af 


tiiM  f»a4ata  -*4  4fka  af44«a  at  14  turn  ataiaia  aAicfi 
Ia#a4ai  aaMviaiiaif  «a  tm  4a«lfa4  it  IM  a^taciaMa  flactua- 
llaia  la  tM  ^aara#  ffaA  4M  Saaat  .  ta  a^l4a  of  Ilia 

f^a  4a>ai  IM  4aM4a  ^vfiattlaa  atv  mty  a«ll  toaAa«a4  (Ha 
pmm$  aatfiwi  la  apf  nr»*4  ly  «arr  gtl4l«allf  4Mr|MN»4aai  oa 
altpjaaat  aM  flaaa  |4wp  a»l4a4a  m4  %m»  baaa  aaowa  to  cftaafa 
Ikf  aa  aapcflk  at  »4a  fraak  aMa  \m  afiaa  «i4ik  ao  aiparaai  4if- 
fiafaiiiga  la  aiiaat  at  IM  4iiiB*a  ivaraaaiafa.  Aaoifiar  faaiura 


•fSTM^Ia.  M  *  •  W  a  «»aa«a  af  f  fim  a  t00«  cfiaap 
la  Ilia  fafla«4|«a  gaaffiaiaai  aliafaaa  a*  4  •  14*  Uia  aaaa 
aiafalaf  aaaap  laaaUa  la  aaly  1.41  .giaafa  la  raflaction 
«<aaftlgiaM . 

*IUI  la«k#«a  «aa4  far  taaaaiiif  ilia  laaar  into  tua  aaaplaa  ara 
4MlffMNl  fat  maiaiaa  afiiatiaal  Partatioa  af»4  aatiraflac- 
lloa  «aata4.  ffiaf  ««ta  oataiaad  tivm  i|W4fial  Ofrtica. 


««  1^*4  f»#  •vHMt  0*^t^  IlMI  4«»f** 

^  ^  »  j  f  1  -W*  9i).««  |>»i»;  »•  (•thfifk  cm  •mrf 

«4"  "-rt  ;*  «’t  «Hn«iig»r  ii»«  yi«wy 

r  .<4.^  m-tc  *  .^«*<i»;f  ••w  4f  «M*  np|»f«Nl^ll>lt tty . 

|.  t  C  •  «»!>».  H  «  •  of  tK«  4«<  •  OiMt4lt<li^w4  Wtlll  ••411 

•  V  ,4  .{  i.s.e  oi»>iii«i»t  ri4«««  J  ••  ••Mtyi*  of  wfkOt 

WI'C  •  SW  «  4  .  iK  Ut^i  I  OtuiK  4  4o|4A.^  <;«M«»t«.  «IV4  1*44  )  •ftOMT*  4  tiMi 

1 1  of  l^>e  *•»««  a»4<|M4l  <  otfH  |)fK«Kla>44<»4#  Mo .  t  OAtt 

«l*»t»i*^«*4  ‘‘1^  ^•*^4ui^.4•  4 1 1 o<»eoy« .  ftttur*  Itol 

«•!»•<»#*•  •laoot  f)l  of  tiMf  ttao* 

«t-.4;a  r44.  otk^*  m  ••tromo  ••«M|4to  of  HMtitno^o  oicilt* 

«ti  'ih.  So  <K4«  ("mm  1040  mtm  cMOtltotlA^  w|tA  •  fro* 

v|<«oo.(r)  »<i  4  of  fCMt.  rh4»  fro>4ootkiry  oorrospoiMU 

to  I've  <Ho  oo4  of  lt4o  roby  •Ail  tA«  rOAOAAAt 

r«f.*.'t  >t.  crw« i44>4>tA4  caa^o*  of  tf.o  fobry- 

r«rot  ir.tet foroovfor*  *^4  tho  l4lt  ooctMoocopo  lAOur*  thot 
th«  a)oOi}i4f4<A  of  4A|-lhtA4  olAof  IAAA  •  tlAfli*  t0A1|ttudt04l 
(lku»4«  o4ti  4->  toc'f  »4  . 

fho  AApUftof  4*  ••«<*ntt«lty  tho  ••••  m  Uiot  d«- 
•crtt><o4  tn  tAo  pfovtou*  foport  oscopt  titot  •  M>difie4ttoA 
4A  in«  i4Ap  <Wi»ton  o««  fll•4o .  rh«  rotkftOA  for  this  la  that 
irM>  4^<ot4'^'*'  ft,4t  A  tho  taAp  and  IA«  puiaa-forwing 

n«ioor%  4*  A  >t  optiftoA.  7nia  roauita  in  aoM  r«fi*otioA 
4A  (ho  «««.*•.» a4 ••  4 w  Uao  ao  that  th«  aaitpl*  la  hot  puapad 
•a  of  foot  4  VP  t)  **  oould  iio.  TYio  aoo  lamp  ohich  haa  not 
y«t  boon  toitod  ahovld  laprovo  tJi«  laipodaoc*  Mteh  and  por- 
Ait  auro  off4C4«nt  poopiAg.  Th*  MaaiMMi  gain  obtainod  with 
tho  aApl4f4or  la  ab&^i  tO  db.  Tho  ctiaranorlatlea  of  our 
laaor  aro  aoMAaritod  in  Tablo  t. 


C.  Totff  and  tnorgy  W»aaur»tnta 


tarty  4n  ihia  roporting  poriod  o«  diacovorod  that  th« 
priAary  roforonco  uaod  aa  a  pooor  atandard  in  tho  firat 
•toaaurononta  (4  Kurad  biplanar  photodiodo)  ahoood  a  draatic 
changr  4n  photoroaponao  Tho  roaaon  for  thia  la  not  Irnown* 

Aa  a  rc4ult  aoao  doubt  waa  caat  on  tho  initial  potror  calibra¬ 
tion  fig  It '4.  Mo  proccdod  to  obtain  thraa  saparata  *cali- 
brated"  J<7tcctora  and  uaod  than  to  oatabliah  o  now  standard 
for  photuJiodo  No.  2,  our  onargy  aonitor.  Of  thoao  throo 
dotcrt  }«,  two  woro  TRG  colibrotod  thonaopiloa  and  tha  third 
waa  44.1  'diodo  which  had  boon  chockod  against  a  nuabar  of 
other  oalii  ratod  dotoctora  froa  difforant  sourcas. 


*lT)o  Fai^ryPorot  intorforoaator  has  a  3.17  an  spacar  giving 
a  free  apoct ral  rango  of  1.58  cn*^.  M  havo  aaasurad  tha 
roaolution  to  bo  bottor  than  0.06  cn~^  or  1.8  GHs. 
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FLg.  2. 

Typical  paoto  moni¬ 
toring  Pabry-Parot 
interferogram,  naar- 
fiald,  and  far-fiald 
baam  patterns.  The 
difference  in  optical 
density  between  the 
two  halves  of  the 
picture  Is  N.D.  0.6. 
The  free  spectral 
range  of  the  inter¬ 
ferometer  Is  1.6  cm~^. 
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Fig.  3.  Tektronix  519  oscilloscope  traces 
of  laser  output  with  20  nsec/divi¬ 
sion  sweep  rate.  (a)  Smooth  pulse 
observed  '\<95%  of  the  time. 

(b)  Modulated  pulse  (''-750  MHz)  . 
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TABLE  I 


Characteristics  of  Ruby  Laser 


Energy  Output 

12  -  15  nvJ 

Pulse  Length 

20  nsec 

Peak  Power 

0.6  -  0.8  MW 

Beam  Radius  (1/e  for  E 
field) 

1  mm  (+10%) 

Beam  Divergence 

0.6  i  0.1  mrad  (full  angle) 

Calculated  Beam  Divergence 

0.44  mrad  (full  angle) 

T37 


In  these  experiments  the  laser  and  amplifier  were 
fired  and  signals  from  the  calibrated  detectors  were  compared 
with  that  from  photodiode  No.  2  (Fig.  1) .  A  series  of  mea¬ 
surements  was  also  taken  in  which  the  amplifier  was  not  in 
place  and  where  both  photodiodes  No.  1  and  No.  2  were  com¬ 
pared  with  the  standard  detector.  In  these  cases  the  519 
traces  from  photodiode  No.  1  were  integrated,  and  the  inte¬ 
gral  compared  with  the  other  signals. 

The  precision  of  these  measurements  was  very  good 
('^'5%)  for  each  standard  detector  taken  by  itself  but  the 
three  calibrations  were  not  in  agreement,  the  two  extremes 
differing  by  about  30%.  Since  our  precision  is  much  better 
than  this ,  we  can  expect  a  more  accurate  power  calibration 
than  we  obtained  at  that  time.  The  two  thermopiles  were  sent 
back  to  TRG  for  recalibration.  When  they  return  the  measure¬ 
ment  will  be  repeated. 


D .  Gross  Characteristics  of  Damage 

We  now  wish  to  point  out  some  of  the  qualitative 
features  of  the  damage  we  have  observed  in  ruby  and  sapphire, 
and  point  out  the  various  differences  seen  in  bulk  and  sur¬ 
face  damage . 

When  we  place  these  san^les  in  the  beam  we  often 
see  some  plasma  formation  at  the  entrance  and  exit  surfaces; 
this  is  shown  in  Fig.  4(a).  In  this  shot  no  internal  damage 
was  formed,  but  a  small  pit  was  visible  at  the  exit  surface. 
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We  wish  to  emphasize  here  that  exit  surface  damage  is  the 
first  to  appear  in  most  of  our  measurements  and  that  the 
threshold  for  exit  surface  damage  is  about  an  order  of 
magnitude  lower  than  that  for  bulk  damage.  We  also  notice 
that  the  plasma  formed  at  the  exit  surface  is  often  irregu¬ 
lar,  sometimes  with  a  pointed  appearance  in  the  direction 
of  light  propagation;  the  plasma  formed  at  the  entrance 
surface  is  more  rounded  in  appearance.  Figure  4(b)  shows 
a  photograph  of  another  sample  in  which  internal  as  well 
as  exit  surface  damage  was  formed.  Here  we  see  a  damage 
track  beginning  about  a  third  of  the  way  in  from  the  entrance 
surface.  Notice  also  the  flaring  out  of  the  beam  past  the 
damage  track.  This  blowing  up  of  the  beam,  discussed  briefly 
in  the  last  report,  could  be  caused  by  a  scattering  of 
light  from  the  damage  sites  or  perhaps  by  self-focusing  and 
subsequent  diffraction.  If  we  assume  that  the  fanning  out 
of  the  beam  is  caused  by  diffraction  from  a  self-focused 
spot,  we  can  determine  roughly  the  spot  size  by  measuring 
the  angle  of  the  fanned  out  part  of  the  beam.  A  crude  mea¬ 
surement  gives  7  x  10“^  rad  for  the  half-angle,  which  corre¬ 
sponds  to  a  self-focused  spot  whose  dicuneter  is  6.3  ym. 

This  is  not  an  unrealistically  small  spot  size  for  self- 
focusing,  and  thus  the  flared  out  beam  could  arise  from 
that.  On  the  other  hand,  we  notice  that  the  flared  out  part 
of  the  beam  is  not  very  uniform  in  that  the  center  part 
has  much  more  light  than  the  outer  portions .  This  would 
suggest  scattering  from  the  damage  sites  in  which  a  small 
part  jf  the  beam  is  deflected  while  most  of  it  continues 
along  the  same  path. 


1 .  Surface  Damage 

The  difference  in  the  qualitative  features 
of  entrance  and  exit  surfaces  will  be  discussed  briefly 
in  this  section.  Figure  5  shows  photographs  of  both  the 
entrance  and  exit  faces  of  a  ruby  rod  subjected  to  varying 
amounts  of  laser  radiation.  Note  the  difference  in  the 
kind  of  damage  seen.  The  exit  surface  generally  shows  defi¬ 
nite  crater  formation  as  was  discussed  in  the  last  report 
and  illustrated  with  a  number  of  scanning  electron  micro¬ 
graphs.  The  entrance  surface  or  the  other  hand  shows  rela¬ 
tively  little  material  lost  froiu  the  surface. 

The  influence  of  entrance  surface  damage  on  the 
apparent  threshold  for  bulk  damage  has  come  to  our  attention 
during  this  reporting  period.  It  is  possible  that  one  rea¬ 
son  for  the  large  fluctuation  (see  Section  I-E)  observed  in 
the  bulk  damage  threshold  is  the  generation  of  damage  at 
the  entrance  surface  and  subsequent  scattering  of  light 
from  this  damage  site  (or  absorption  by  the  plasma) ,  which 
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M  7251 


(a)  No  internal  damage. 


lb)  Internal  damage  plus  flaring  of  beam. 


Fig.  4.  Photographs  of  ruby  samples  while 

being  subjected  to  laser  radiation. 
Note  surface  plasma  formation.  The 
light  is  traveling  from  left  to 
right. 
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HRL26B-8RI 


ENTRANCE  EXIT 

5.  Exit  (right)  and  entrance  (left) 
surfaces  of  deunaged  ruby  sanple 
(1/4  in.  square)  after  a  number 
of  shots.  The  regions  A,B,  emd 
C  are  relevant  to  the  discussion 
in  the  text. 


could  result  in  a  much  lower  power  density  in  the  interior 
of  the  sample  than  expected.  It  has  been  observed  that  once 
this  entrance  surface  damage  has  been  formed  it  is  very  dif¬ 
ficult,  if  not  impossible,  to  create  bulk  damage  with  subse¬ 
quent  shots  in  the  same  place.  For  example,  when  the  same 
region  of  the  sample  is  repeatedly  irradiated  with  the  laser, 
each  time  with  increasing  power,  the  bulk  damage  threshold 
often  cannot  be  reached;  however,  the  damage  on  both  surfaces 
generally  increases  from  shot  to  shot.  The  problem  of  surface 
damage  varies  considerably  from  sample  to  sample  and  from 
place  to  place  in  a  given  sample.  No  substantial  difference 
in  this  behavior  is  seen  when  the  surfaces  are  cleaned  with 
hot  nitric  acid  and  rinsed  thoroughly  with  deionized  water. 
(Generally  all  surfaces  are  cleaned  with  e^hyl  alcohol.) 

The  photographs  in  Fig.  5  are  presented  so  that  there 
is  a  spatial  correspondence  between  the  entrance  and  exit 
surfaces.  As  an  example  of  the  variation  in  results  for 
different  parts  of  the  sample,  let  us  compare  the  different 
regions  marked  on  the  photographs.  In  region  A,  for  example, 
both  entrance  and  exit  damage  are  observed  in  a  location 
subjected  to  several  shots  from  the  laser.  This  region  was 
not  damaged  internally,  even  though  the  power  incident  on 
the  sample  far  exceeded  that  for  which  internal  deunage  was 
created  in  other  regions  (e.g.,  region  B) .  Region  B  is 
one  in  which  botn  internal  damage  emd  exit  surface  damage 
were  generated  (in  this  case  with  one  shot) ,  with  barely 
noticeable  entrance  surface  damage.  Region  C  shows  a  loca¬ 
tion  subjected  to  a  single  shot  of  less  than  half  the  total 
energy  as  in  B.  In  this  case  no  internal  damage  was  formed 
but  the  exit  crater  is  considerably  larger  than  that  seen 
in  B.  Figure  6  shows  entrance  and  exit  surfaces  of  another 
sample,  where  we  again  see  the  qualitative  features  of  the 
different  kinds  of  damage  formed.  Note  the  general  anticor¬ 
relation  between  the  extent  of  entrance  and  exit  damage 
as  exemplified  in  Regions  A  and  B.  In  one  case  (B)  we  see 
exit  damage  with  little  or  no  entrance  damage,  and  in  the 
other  we  see  just  the  opposite.  Next  let  us  compare  the 
entrance  and  exit  surface  damage  at  somewhat  higher  magnifi¬ 
cation.  Figure  7  shows  a  magnified  view  of  one  of  the  damage 
sites  seen  on  the  entrance  surface  of  the  sample  shown  in 
Fig.  6.  Here  we  wish  to  point  out  the  crazed  appearance 
of  the  surface.  There  appears  to  be  a  general  direction 
to  the  crazing  on  the  surface  that  is  the  seune  for  all  the 
damage  sites  examined  on  that  crystal.  Other  crystals  also 
show  this  type  of  linear  crazing,  but  it  is  not  seen  on 
all  the  samples  examined.  Figure  8  shows  magnified  views 
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HRL265-9RI 


ENTRANCE  EXIT 


Exit  (right)  and  entrance  (left)  surfaces 
of  damaged  ruby  sample  (3/8  in.  square) . 
The  regions  A  and  B  are  discussed  in  the 
text. 
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(b)  Side  view. 


Fig.  8.  Photomicrographs  of  exit  surface  damage  pits  and 
crazing. 
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rig.  9.  8c4Mmin9  •Uotron  aloro- 
graph  of  oKlt  aurfaco 
daaaga  in  ruby  ahowing 
crasad  ragion  and  aurfaoa 

fitting.  Narkar  langth 
a  15  ttm. 
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of  Mit  oafftoco  dingy,  to  tlio  toil  roport  oo  proiontod  o 
nmb99  of  pletoroi  of  onlt  furfooo  dompo  tokoo  with  o  icon- 
oiof  vloctroo  uerooeopo.  Mo  roprodtioo  ooo  of  tlioio  ot  thii 
\im»  10  fif.  f  for  tho  parpoooi  of  tl»o  proiont  diieuiiion. 
Hot*  tl»«t  th9  mu  lorfoco  dmipo  oooiiiti  of  pittin9  or 
orotor  foinotioo.  m  ooll  ••  tJio  orotto^  iiMlor  to  that 
•ooo  o«i  iho  ootroneo  turfoco. 


i ,  (h»lk  Oinooi 

Ouriof  tliooo  itodioi  m  oovo  nottcod  a  diffor** 
oooo  botwooo  ilio  quolltatlvo  foaturaa  of  tho  bulk  daiMi^o 
10  rubv*  oonparod  olUi  aapyiro.  THia  la  liluatratod  in 
rifi.  lO  and  II.  to  flf.  10  MO  aoo  aoM  typical  daaa9o 
tracks  aooo  io  a  rul»y  aanpU.  Thoaa  traoka  appaar  to  bo 
a  aorioa  of  bubblaa  or  anall  fraoturod  royona  of  variabla 
apacio^i  tlioy  ara  nora  daoaaly  packad  at  tha  ba^inning  of 
tka  track  and  apraad  out  toward  tha  aod*  ao  that  in  aona 
caaaa  tfara  ia  an  appraciabla  oap  bataaan  danaga  aitaa  in 
a  fiaao  danaga  track.  Tha  baglnfiiag  of  tha  track  ganarall*/ 
ahowa  a  nora  teoaaly  daaagad  ragion  that  ia  uaually  auch 
aioar  than  tha  raat  of  tha  track.  In  oontraat,  tha  bulk 
daangi  io  aapphira  appaara  to  ba  gualitativaly  diffarant. 
to  fig.  II  aa  aaa  ao  aitanpla  of  typical  danaga  tracka  obaarvad 
io  aapphira.  Thaaa  ara  gaoarally  nora  cootiououa  (fawar 
iotarmpt.f  a}  than  thoaa  aooo  io  ruby*  and  oftan  contain 
a  *holloa*  cora  with  fracturad  ragiona  at  tho  pariphary  (aaa 
a  in  rig.  11} . 

to  thia  particular  aanpla  thara  aara  a  faw  irragular 
tracka  aiaeh  aa  that  ahowo  in  b  of  fia.  11) .  It  ia  curioua 
to  oota  that  thaaa  tracka  ocourrad  abao  thara  aaa  appraciabla 
tanporal  nodulatioo  ao  tha  laaar  pulaa.  Mbon  thaaa  BMaaura- 
naota  aara  nada  thara  aaa  an  unuaually  high  parcantaga  of 
nodolatad  ahota.  It  aaa  ootad  that  tha  irragular  danaga 
oecurrad  only  oo  tooaa  ahrta  ahan  tha  pulaa  aaa  nodulatad 
(abcttt  aiK  tinaa).  Ma  ofcai*  no  Intarpratation  of  tliia  obaar- 
yation*  but  naraly  point  it  out  aa  a  curioua  occurranca. 

Thia  auction  nay  ba  auna-ariaad  aith  tha  following 
atacananta  ooocaming  tha  gualitatiua  faaturaa  of  tha  danaga 
in  ruby  and  aapphira. 

Thara  ara  thraa  distinctly  diffarant  typaa  of  danaga t 
bulk,  antranoa  aurfaca*  and  axit  aurfaca  danaga.  Tha  aurfaca 
dnaaga  appaara  to  ba  ainilar  in  both  ruby  and  aapphira 
whila  tha  bulk  danaga  diffara  aa  daacribad  abova. 
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Fig.  10.  Photomicrograph  of  damage 
tracks  in  ruby  (see  text 
for  discussion) . 
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Pig.  11.  Photomicrograph  of  damage 

tracks  in  sapphire  (see  text 
for  discussion) . 
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Entrance  and  exit  surface  damage  are  similar  in  two 
respects  and  differ  in  a  third.  They  are  similar  in  that 
plasmas  occur  at  both  surfaces  and  both  show  some  crazing 
at  the  damage  site.  They  differ  in  that  a  fracture  crater 
occurs  on  the  exit  and  not  on  the  entrance  surface.  We 
suspect  that  the  crazing  is  connected  with  and  perhaps  caused 
by  the  plasma  that  is  seen  at  both  surfaces,  whereas  the 
crater,  which  is  unique  to  the  exit  surface,  is  generated 
by  a  phenomenon  that  takes  place  in  the  bulk  of  the  material 
and  manifests  itself  at  the  surface. 

The  threshold  for  exit  surface  damage  is  about  an 
order  of  magnitude  lower  than  that  for  bulk  damage .  It 
is  more  difficult  to  make  a  definitive  statement  concerning 
the  relative  thresholds  for  entrance  surface  damage  and 
internal  damage.  The  ease  of  plasma  formation  at  the  entrance 
appears  to  be  a  function  of  undetermined  surface  parameters, 
the  most  likely  of  which  are  adsorbed  substances  and  surface 
finish.*  Therefore,  the  state  of  the  entrance  surface  defi¬ 
nitely  determines  what  occurs  inside  the  crystal  and  at 
the  exit  surface.  ±n  the  extreme  case  all  of  the  light 
could  be  dissipated  in  the  entrance  plasma. 

Finally,  let  us  assume  that  a  hypothetical  sample 
is  subjected  to  a  series  of  shots  with  increasing  energy, 
each  time  striking  a  different  spot,  and  assume  that  the 
power  density  is  uniform  over  the  length  of  the  sample. 

We  will  first  observe  exit  surface  damage  at  some  threshold. 

As  the  energy  is  increased,  the  extent  of  the  exit  surface 
damage  will  increase  to  give  a  larger  crater  than  on  the 
previous  shot.  At  an  order  of  magnitude  higher  input  we 
reach  the  threshold  for  bulk  damage,  at  which  point  a  short 
damage  track  will  appear;  at  the  same  time,  we  will  probably 
observe  a  decrease  in  the  size  of  the  exit  pit  relative  to 
what  it  was  just  below  bulk  damage  threshold.  As  we  increase 
the  energy  further  we  will  generally  observe  more  extensive 
internal  damage  and  perhaps  begin  to  see  some  entrance  surface 
damage ,  depending  on  the  condition  of  the  entrance  surface . 

At  still  higher  incident  energy  the  extent  of  entrance  sur¬ 
face  damage  (or  absorption  by  the  plasma)  can  be  so  great 
that  it  precludes  the  formation  of  bulk  damage  simply  be¬ 
cause  not  enough  light  gets  inside  to  cause  damage. 


*It  is  definitely  known  that  a  substantial  plasma  will  form 
on  a  dirty  entrance  surface.  In  addition,  in  our  limited  ob¬ 
servations  it  appears  that  those  crystals  with  more  sur¬ 
face  scratches  are  more  easily  damaged  at  the  entrance 
surface , 
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E .  Damage  Threshold  Experiments 

In  this  section  we  present  the  results  of  damage 
threshold  experiments  for  internal  damage  in  a  number  of 
different  materials  from  various  sources.  In  all  the  cases 
presented  the  data  represent  a  large  number  of  shots  for 
a  given  sample.  There  was  a  large  eunount  of  scatter  in  the 
data,  as  mentioned  earlier;  we  believe  this  results  in  part 
from  the  varying  amount  of  plasma  formed  at  the  entrance 
surface.  It  is  also  reasonable  to  believe  that  there  is 
an  intrinsic  variation  in  damage  threshold  from  place  to 
place  in  the  same  sample.  As  a  result,  there  is  a  range 
of  incident  energies  over  which  one  may  or  may  not  see  in¬ 
ternal  damage,  depending  on  the  particular  location  in  the 
crystal.  For  example,  at  a  particular  location  in  the  sample 
no  damage  is  seen  at  a  given  incident  energy,  while  exten¬ 
sive  damage  may  be  seen  in  another  part  of  the  sample  for 
a  lower  energy  in  another  shot.  The  data  presented  in  Fig. 

12  reflect  this  fact.  The  dashed  line  corresponds  to  a 
range  of  power  densities  where  damage  was  not  observed  at 
some  locations  in  a  given  sample  and  is  terminated  on  the 
high  end  by  the  highest  power  for  which  internal  damage 
was  not  created.  The  solid  line  corresponds  to  input  ener¬ 
gies  where  damage  was  observed  at  some  locations  in  the 
same  sample  and  is  terminated  on  the  low  end  by  the  smallest 
input  energy  for  which  damage  was  observed.  For  example, 
let  us  examine  the  data  presented  for  Cz  Ruby  L104  in  Fig. 

12.  The  dashed  line  shows  that  certain  regions  of  the  sample 
were  subjected  to  power  densities  up  to  7.1  GW/cm^  without 
damage.  The  solid  line  shows  that  damage  was  observed  in 
some  other  parts  of  the  sample  at  input  power  densities 
as  low  as  6.3  GW/cm^ .  Thus,  the  amount  of  overlap  gives 
a  measure  of  the  definability  of  damage  threshold  for  a 
given  sample. 

The  power  densities  in  Fig.  12  are  calculated  power 
densities  at  the  beam  waist.  Mode  propagation  equations 
described  previously  were  used  to  compute  beam  radius  and 
divergence  at  various  locations.  The  energy  incident  on 
the  focusing  lens  first  is  measured  by  photodiode  No.  2 
(Fig.  1) .  This  is  converted  to  power  by  dividing  by  the 
appropriate  pulse  width  (FWHM)  as  determined  by  the  Tektronix 
519  oscillograms.  The  power  density  at  the  lens  is  computed 
by  dividing  this  power  by  the  area  of  the  beaun  at  the  lens. 
This  gives  a  spatial  average  for  the  power  density  or  energy 
density.  The  energy  density  at  the  peak  of  the  gausslan 


18 


HRL288-2 
- \ - 1 


1 - 1 - 1 - 1 - 1“ 

Cz  SAPPHIRE  LI22 
(19cm  LENS) 


I 

.  VERNEUIL  SAPPHIRE 
(19cm  LENS) 


VERNEUIL  RUBY  MII9 


I 

_ Cz  RUBY  AlOO 


h"-- 

_ ^  Cz  RUBY  CI24 


► 


_j  Cz  RUBY  LI05 
(19cm  LENS) 


► 


H 


Cz  RUBY  LI05 


I' 

_ —  —  —I  Cz  RUBY  LI04 

_ I _ I _ 1  I _ I _ I _ 1 _ I _ I _ 1 _ 

0  2  4  6  8  10  12  14  16  18  20  22 

POWER  DENSITY,  GW/cm^ 

AT  BEAM  WAIST  (48  3 Cm  LENS  EXCEPT  AS  NOTED  ) 

(SPATIAL  AVERAGE) 


Fig.  12. 

Bulk  damage  thresholds  for  a  number  of  ruby 
and  sapphire  samples.  The  power  density  and 
energy  density  scales  are  syatial  averages . 
The  power  and  energy  densities  at  the  pealc 
of  the  gaussian  distribution  are  twice  the 
spatial  averages  (see  text) .  The  dashed 
line  corresponds  to  power  where  damage  was 
not  observed;  the  solid  line  to  powers  where 
damage  was  observed  for  a  number  of  shots  in 
different  regions  of  the  same  sample. 

Sample  sources: 

AlOO  -  Airtron 

L104,  L105,  L122  -  Union  Carbide 
C124  -  Crystal  Optics 
M118,  M119  -  Meller. 
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distribution  is  twice  the  spatial  average.*  The  power 
density  at  the  focus  of  the  lens  is  obtained  by  computing 
the  beam  size  at  the  focus. 

We  wish  to  emphasize  that  these  power  and  energy 
densities  are  based  on  the  following  assumptions:  (1)  The 
spatial  profile  of  the  output  is  gaussian  with  a  1  mm  radius 
(1/e  radius  for  the  electric  field.)  (2)  the  spreading 
of  the  beam  is  by  diffraction  only,  and  the  beam  suffers 
no  distortion,  focusing,  or  defocusing  in  passing  through 
the  ruby  amplifier.  (3)  The  diffraction  limited  spot  size 
is  reached  at  the  focal  plane  of  the  focusing  lens.  The 
degree  to  which  these  assumptions  reflect  the  reality  of 
the  physical  situation  can  only  be  estimated  at  present, 
pending  further  measurements.  Measurements  of  the  near 
field  spot  size  at  the  oscillator  output  mirror  give  a  1 
mm  radius  for  the  1/e  points  of  the  electric  field  (assuming 
a  gaussian  distribution) .  This  was  done  both  by  photograph¬ 
ing  a  pair  of  spots  on  a  ground  glass  screen  with  a  known 
attenuation  difference  and  by  measuring  the  sizes  of  burn 
patterns  on  Polaroid  film,  with  the  relative  energies  of 
successive  shots  known.  The  measurements  by  both  techniques 
agree  to  better  than  15%.  Measurements  of  the  far-field 
divergence  of  the  oscillator  give  values  that  are  higher 
than  that  expected  for  a  gaussiem,  although  the  measurements 
are  not  highly  accurate.  We  obtain  0.6  ±  0.1  mrad  (full 
angle)  from  relative  spot  size  measurements  in  the  focal 
plane  of  the  1  m  focal  length  camera.*^  The  calculated 
beam  divergence  gives  0.44  mrad  (9  s  (2X)  /  (ituq)  ;  full  angle); 


*The  gauss iem  beam  radius  u  is  defined  as  the  radius  for 
which  the  electric  field  reaches  1/e  of  its  peak  value. 

This  is  the  radius  for  which  the  intensity  or  the  energy 
density  reaches  1/e^  of  its  peak  value.  If  we  define  a 
beam  area  A  ^  and  divide  this  into  the  total  energy 
Etot'  have  a  kind  of  average  energy  density.  It  is 
easy  to  show  that  the  energy  density  at  the  peeOc  of  the 
gaussian  distribution  is  2E^q^/7tu^.  In  most  of  the 
reports  in  the  literature  the  power  densities  or  energy 
densities  refer  to  a  kind  of  average.  That  is,  the  total 
energy  is  divided  by  the  "beam  size"  determined  by  some 
means  or  other.  This  method  is  convenient  when  the  spatial 
power  distribution  is  not  known. 

^It  is  easy  to  show  that  the  1/e  di£uneter  for  the  intensity 
IS  Dt  =  /dj  -  d|//iln  a,  where  d^  and  d2  are  the  measured 
spot  diameters  and  a  is  the  ratio  of  the  intensities 
(Jor  density  0.6,  a  =  4) .  The  1/e  diameter  for  the  field 
is  Dg  *  Dj . 
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this  is  apprecieUaly  lower  than  that  observed  but  is  almost 
within  the  uncertainty  of  measurement.  Even  though  we  are 
well  below  the  saturation  flux  for  the  amplifier  {AJ/cior 
conpared  with  15  J/cicr) ,  the  uncertainty  in  the  effect  on 
the  beam  properties  of  the  amplifier  is  probadsly  the  largest 
amd  most  difficult  to  estimate.  Characterization  of  the 
beam  after  passing  through  the  amplifier  will  be  carried  out 
soon. 


F.  Dependence  of  Damage  Threshold  on  Added  Ti02 

Recent  work  of  Nath  and  Walda^  reported  a  striking 
increase  (40x)  in  the  damage  threshold  in  sapphire  when  small 
amounts  (20  to  100  ppm)  of  Ti02  were  added.  We  decided  to 
check  these  results  and  extend  them  to  ruby  as  well.  We 
purchased  Vemeuil  ruby  and  sapphire  samples  from  the  same 
source  used  by  the  above  workers  (Djeva  in  Switzerland  via 
Adolf  Meller  Co.),  both  undoped  and  doped  with  nominally 
30  ppm  Ti02«  thresholds  for  internal  damage  were  mea¬ 

sured,  and  the  results  were  found  to  be  essentially  opposite 
those  reported  previously.  Table  II  shows  the  results  of 
these  measurements .  The  numbers  in  the  table  are  given 
in  pairs.  As  discussed  in  connection  with  the  data  in  Fig. 
12,  the  numbers  reflect  the  variation  of  threshold  from 
place  to  place  in  the  sample.  Of  the  two  numbers  quoted, 
that  on  the  left  is  the  highest  value  for  which  deunage  was 
not  observed  in  the  sample,  and  that  on  the  right  is  the 
lowest  value  for  which  damage  was  found  in  the  same  sample. 

We  see  from  Table  II  that  the  thresholds  for  the  titanium 
doped  san^les  are  at  least  an  order  of  magnitude  lower*  than 
those  for  undoped  samples.  The  reason  for  this  discrepancy 
with  the  results  of  Nath  and  Walda  is  not  known.  In  addi¬ 
tion,  contrary  to  the  results  of  Nath  and  Walda,  we  found 
that  the  ultraviolet  absorption  edge  for  the  Ti02  doped 
samples  occurred  at  a  shorter  wavelength  than  that  for  the 
undoped  sapphire  (2600  versus  2300  A) .  This  is  shown  in 
Fig.  13. 


G.  Nath  and  G.  Walda,  "Strong  Radiation  of  Laser  Produced 
Damage  in  Sapphire  and  Ruby  by  Doping  with  Ti02 , "  Z . 
Naturforsch.  23a,  624-625  (1968). 

*These  titanium  doped  samples  are  examples  of  ruby  and  sap¬ 
phire  for  which  the  bulk  damage  threshold  is  so  low  that 
surface  damage  does  not  form. 
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Fig.  13.  Absorption  spectra  of  Verneuil  sapphire  whose 
thresholds  are  reported  in  Table  II.  (a)  Un- 
dopod.  (b)  30  ppm  TiO™ .  These  spectra  were 

taken  with  a  Cary  14  spectrophotometer  using 
air  as  a  reference. 
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TABLE  II 


Effect  of  Ti02  Doping  on  Damage  Threshold 


Power  Density  for  Internal 

Damage,  GW/cm^ 

Without  Ti02 

With  30  ppm  Ti02 

Vemeuil  Ruby 

5.4,  9.9 

0.94,  0.70 

Verneuil  Sapphire 

12.1,  9.4 

0.36,  0.52 

T40 


Because  of  these  discrepancies  it  is  reasonable  to  sus¬ 
pect  that  we  may  in  fact  have  different  material  from  that 
studied  by  Nath  and  Walda.  The  future  course  of  this  work 
is  at  present  uncertain. 


G.  Optical  Pumping  Experiments 

During  this  reporting  period  we  have  carried  out  a 
few  experiments  in  which  we  optically  pumped  the  samples 
while  subjecting  them  to  the  laser  radiation.  Figure  14 
shows  the  apparatus  used  for  optically  pumping.  It  was 
designed  so  that  the  sample  could  be  examined  closely  between 
shots  without  the  need  for  removal  from  the  apparatus .  The 
experiments  were  carried  out  on  two  ruby  samples  emd  one 
sapphire  sample. 

The  samples  were  pumped  with  a  power  supply  similar 
to  that  used  for  pumping  the  amplifier  flash  lamp.  In  these 
experiments  we  pumped  at  two  different  levels  (1200  J  and 
3700  J)  into  the  flash  lan^  (model  FX60  by  E.G.&G.).  As 
in  the  previous  experiments  we  fired  a  number  of  shots 
(generally  10  to  20)  at  each  pumping  level  for  a  given 
sample. 


The  results  of  the  threshold  versus  pumping  experiments 
are  shown  in  Fig.  15.  Here  the  results  are  depicted  in 
a  manner  similar  to  that  of  Fig.  12,  where  the  dashed  line 
refers  to  the  powers  where  no  damage  was  seen  in  some  parts 
of  the  crystal  and  the  solid  line  to  powers  where  damage 
was  seen  in  other  parts.  The  scatter  in  the  data  is  rela¬ 
tively  high,  but  nevertheless  we  can  confidently  say  that 
there  is  no  appreciable  lowering  of  the  threshold  with 
optical  pumping  and,  if  anything,  there  may  be  a  slight 
increase. 


Fig.  14.  Apparatus  used  for  optical  pumping  experiments. 


RELATIVE  POWER 


Fig.  15.  Relative  bulk  damage  threshold  as  a  function  of 

optical  pumping  for  different  samples.  The  thres¬ 
hold  are  normalized  to  unity  for  each  sample  (un¬ 
pumped)  .  Dashed  line  -  no  damage;  solid  line  - 
damage . 
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One  reason  for  the  scatter  in  this  case  is  the  us« 
of  a  shorter  focal  length  lens  than  has  been  generally 
used  (19  cm  compared  with  48  cm).  We  used  this  lens  be¬ 
cause  the  output  from  our  system  was  somewhat  lo%#er  than 
previously  and  we  were  not  quite  able  to  reach  damage  thres¬ 
hold  with  the  long  focal  length  lens.  A  more  extensive 
plasma  was  formed  at  the  entrance  surface  at  timss  when 
the  19  cm  lens  was  used,  and  an  appreciable  fraction  of 
the  light  undoubtedly  was  absorbed  by  the  plasma.  The  ex¬ 
periments  will  be  repeated  with  the  sample  in  a  different 
position  so  that  this  will  not  occur  as  readily. 

We  observed  another  Interesting  phenomenon  in  these 
pumping  experiments  related  lo  the  location  of  the  damage 
in  the  crystal  as  a  function  of  pumping.  In  rtiby  that  is 
not  externally  pumped,  we  see  damage  tracks  whose  beginning 
is  usually  uniquely  located  in  the  sample.  That  is*  for 
a  number  of  shots  at  different  powers  we  find  that  the 
damage  tracks  begin  at  roughly  the  same  distance  from  the 
entrance  surface.  The  length  of  a  given  track  generally 
will  be  longer  for  higher  power. 

When  the  ruby  samples  are  optically  pumped,  we  see 
d2unage  tracks  that  begin  at  an  appreciably  different  loca¬ 
tion  "downstream"  from  the  tracks  for  the  unpumped  sample. 
Harder  pumping  shifts  the  tracks  even  more.  This  phenomenon 
is  revers  .ble;  results  for  a  sequence  of  nonpumping,  pumping, 
nonpumping,  pumping  are  reproducible. 

Tae  results  of  these  experiments  are  shown  in  Fig.  16, 
where  the  location  of  the  beginning  of  the  damage  track 
is  plotted  as  a  function  of  energy  discharged  into  the 
flash  l£unp.  The  lengths  of  the  bars  on  the  plot  reflect 
the  variation  in  position  from  shot  to  shot  of  the  beginning 
of  the  damage  track. 

This  effect  of  apparent  defocusing  of  the  light  cannot 
be  explained  as  a  sort  of  thermal  focusing  due  to  the  optical 
pumping;  it  is  much  too  large  for  that.  For  example,  if 
we  were  to  assume  that  the  ruby  has  somehow  becosM  a  negative 
lens,  we  might  ask  what  the  effective  focal  length  would 
be.  T2d(ing  into  account  the  distance  of  the  entrance  surface 
of  the  ruby  from  the  lens  and  assuming  that  the  shift  in 
the  location  of  the  damage  track  corresponds  to  a  shift 
in  focus,  we  compute  that  the  ruby  would  have  to  act  as 
a  negative  lens  of  "^20  cm  focal  length,  which  corresponds 
to  a  radius  of  curvature  of  the  end  of  the  rod  of  'v?  cm. 
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Pig.  16.  Location  of  beginning  of  damage  tracks 
from  entrance  surface  versus  optical 
pumping  energy  for  ruby  sanoles.  L103  - 
0.03%  Cr^3,  L105  -  0.05%  Cr^^. 


27 


Alternativoly ,  we  can  compute  the  apparent  change 
in  refractive  index  with  pumping  to  account  for  the  shift 
in  the  position  of  the  damage  track.  The  relative  shift 
in  the  distance  from  the  entrance  surface  to  the  focus 
IS  directly  proportional  to  the  relative  change  in  refractive 
index.  This  then  corresponds  to  an  apparent  im.ex  ch£mge 
of  40  to  50%,  a  very  large  effect  1 

It  is  difficult  to  account  for  this  effect  by  postulat¬ 
ing  any  change  in  the  linear  refractive  index.  A  decrease 
in  nonlinear  index  that  somehow  depends  on  the  degree  of 
optical  pumping  is  a  possible  explanation,  but  this  should 
result  in  a  higher  damage  threshold  for  pumping  than  for 
nonpumping.  This  may  be  the  case,  but  there  is  too  much 
scatter  in  the  data  to  confirm  this  (Fig.  IS).  We  also 
mentioned  that  in  the  pumping  experiments  there  was  a  sub¬ 
stantial  amount  of  plasma  formation  at  the  entrance  surface. 

It  is  conceivedsle  that  optical  pumping  of  the  surface  plasma 
cocld  lead  to  some  defocusing  effect.  It  is  clear  that  more 
experiments  in  this  area  are  needed,  especially  w.th  regard 
to  the  relative  damage  thresholds. 

A  cortola-  ion  for  sapphire  similar  to  those  seen 
for  ruby  in  Fig.  16  does  not  exist.  The  location  of  the 
beginning  of  the  damage  tracks  in  unpumped  sapphire  varies 
over  a  much  wider  range,  depending  on  the  incident  energy 
from  the  laser,  and  any  effect  of  optical  pumping  is  obscured 
by  this  variation. 

When  the  incident  laser  power  is  close  to  threshold 
the  damage  is  found  farther  "downstream”}  as  the  incident 
energy  increases,  the  location  of  the  beginning  of  the  track 
moves  "upstream"  toward  the  source.  This  is  illustrated 
in  Fig.  IT,  where  we  plot  the  distance  of  the  beginning 
of  the  damage  tracks  from  the  entrance  surface  versus  laser 
power  incident  on  the  focusing  lens. 


H.  Plans  for  .Next  Period 


One  of  the  first  tasks  to  carry  out  will  be  the  SMa- 
surement  of  the  beam  characteristics  after  the  amplifier. 
Dependence  of  damage  threshold  on  the  sise  of  the  focal  spot 
will  be  studied,  and  the  optical  pumping  experiments  will  be 
repeated  in  an  attempt  to  obtain  better  reproducibility  in 
the  data.  The  evolution  in  time  of  the  dasuige  track  will  be 
studied  using  an  image  converter  camera. 
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Fig.  17.  Location  of  becinning  of  damage  tracks  from 

antranca  surface  versus  laser  power  incident 
on  19  cm  lens  for  Cz  sapphire  sample  L122. 
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II. 


THEORETICAL  STUDIES  ON  OPTICAL  DAMAGE 


A.  Introduction 


In  the  theoretical  studies  conducted  for  this  project 
we  have  first  established  a  broad  outline  or  "scenario"  of 
optical  damage  as  it  is  caused  in  the  best  quality  ruby  and 
sapphire  by  laser  pulses  of  order  20  nsec  duration  and 
shorter.  This  general  examination  then  led  us  to  a  concen¬ 
trated  study  of  a  previously  lanexplored  class  of  mechanisms 
which  we  thought  might  play  a  central  role  in  the  break¬ 
down  of  sapphire  and  ruby.  These  mechanisms  involved  the 
edaility  of  a  relatively  low-density  {'^-10^^  cm“^)  of  cold 
photoexcited  conduction  electrons  (1)  to  transfer  energy 
rapidly  and  efficiently  from  the  optical  beam  to  the  lattice 
and  (2)  to  accelerate  the  excitation  of  even  more  conduc¬ 
tion  electrons,  thus  aiding  further  in  the  energy  transfer 
of  (1) .  In  subsection  B  we  review  the  general  damage  pic¬ 
ture  as  we  see  it,  and  then  in  subsection  C  the  results  of 
our  studies  of  photoelectron  dynaunics  in  strong  optical 
fields  are  presented.  For  details  pertinent  to  these  sec¬ 
tions,  the  reader  will  be  referred  to  a  paper  which  is 
reproduced  here  as  an  Appendix. 


B .  A  Proposed  General  Outline  of  the  Process  of  Optical 
Damage  in  Sapphire  and  Ruby 


We  have  found  it  useful  to  view  in  five  stages  the 
over-all  damage  process  in  riaby  or  sapphire  (often  referred 
to  as  "the  crystal").  These  stages  are  as  follows; 

(1)  Before  actual  physical  rupture  of  the  lattice 
occurs,  a  certain  spatial  and  temporal  distribution  of 
optical  fields  that  is  able  to  initiate  the  damage  process 
is  reached  or  exceeded  in  the  crystal.  A  comprehensive 
description  of  the  threshold  beam  conditions  for  short 
pulses  is  far  from  being  complete,  being  dependent  on  the 
outcome  of  researches  on  all  the  phases  of  the  damage 
process .  Roughly  speakingx  it  is  believed  that  if  the  beam 
can  deposit  from  10^  to  10^  J/cm^  in  a  small  region  of  the 
crystal  in  less  time  than  it  takes  heat  to  diffuse  out  of 
the  region,  then  a  rupturing  shock  wave  will  develop.  As 
a  working  rule  of  thumb,  a  pulse  of  duration  10”®  to  10”^® 
sec  and  of  order  10”^  cm  in  diameter  cannot  exceed  several 
times  10^®  W/cmr  peak  intensity  without  initiating  damage 
in  ruby  or  sapphire.  However,  several  remarks  are  in  order. 
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First,  the  visual  appearance  of  damage  tracks  sug¬ 
gests  that  self-focusing  of  the  optical  beam  is  instrumental 
in  increasing  the  beam  intensities  into  the  damaging  regime. 
This  is  not  definitely  established  and  is  under  investigation 
in  this  project  and  elsewhere.  However,  if  self-focusing 
is  aiding  in  the  initiation  of  damage,  then  the  eJaove  numbers 
have  grown  out  of  some  probadDly  incorrect  interpretations  of 
data  and  may  require  modification.  To  better  establish  the 
degree  of  self-focusing,  a  definitive  measurement  of  the 
"fast-responding"  part  of  the  nonlinear  index  of  sapphire 
and  ruby  would  be  helpful.  Early  in  this  project,  we 
examined  the  possibility  that  transient  electrostriction 
could  produce  self- focusing  at  observed  damage  power  thres¬ 
holds  and  found  it  to  be  extremely  remote.  Whether  or  not 
self-focusing  is  occurring  from  other  mechanisms  we  view  the 
subsequent  stages  of  damage  roughly  as  follows. 

(2)  The  intense  optical  beam  next  promotes  a  num¬ 
ber  density  of  order  10^^  electrons/cc  from  impurity  levels 
into  the  conduction  band.  This  can  happen  by  the  direct  or 
"linear"  photoexcitation  process  observed  by  Hochuli 

(Ref.  [51  of  the  Appendix)  at  low  optical  intensities 
("^5  V/cxcr)  .  More  likely,  this  excitation  is  produced  by 
complex  multistage,  or  even  "bootstrap"  avalanche,  processes 
that  resulted  in  the  highly  nonlinear  photoconductivity  ob¬ 
served  by  Belikova,  et  (Refs.  [7.8]  of  Appendix),  at 

high  optical  intensiHTes  ("^10^®  W/cm^)  .  The  studies  of  some 
new  processes  of  the  latter  kind  made  under  this  project  are 
discussed  in  subsection  C. 

(3)  The  strong  optical  field  seen  by  electrons 
reaching  the  conduction  band  imparts  to  them  some  added  ran¬ 
dom  motion  (heating)  and  some  coherent  oscillatory  motion. 
Previous  workers  have  concentrated  on  the  heating  effect 
(Refs,  fl-4]  of  Appendix),  supposing  that  the  electrons 
might  gain  enough  random  energy  to  ionize  the  lattice,  pro¬ 
moting  other  electrons  across  the  band  gap  {'^  8  eV)  in  an 
avalanche  process.  We  have  examined  this  possibility  in  de¬ 
tail  starting,  as  did  previous  workers,  from  Frbhlich's  well- 
known  model  for  electron-lattice  interactions.  We  found 

to  be  negligibly  small  the  probability  of  an  electron's  gain¬ 
ing  even  one  eV  of  random  energy  at  nominal  damage  intensi¬ 
ties  ("10^®  VJ^cnr).  However,  when  we  examined  the  effects 
of  the  low-energy  coherent  motion  ('v-lO”^  eV)  of  a  "cold" 
electron  in  the  intense  field  superposed  on  the  small  thermal 
motions  (appropriate  to  a  temperature  not  much  2d5ove  the 
ambient  lattice  temperature) ,  we  found  a  potentially  damag¬ 
ing  situation.  These  oscillating  electrons  sponteuieously 
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radiate  longitudinal  optical  (LO)  phonons  at  a  significant 
rate,  much  as  an  electromagnetic  antenna  radiates  photons. 

(We  also  calculated  the  rate  of  stimulated  emission  of 
phonons  by  the  oscillating  electrons  but  found  this  to  be 
negligible.)  Our  efforts  in  assessing  this  phonon  radiation 
rate  are  described  in  subsection  C. 

(4)  The  LO  phonons  radiated  by  the  conduction  elec¬ 
trons  have  a  nearly  vanishing  group  velocity  and  do  not  carry 
their  energy  out  of  the  region  of  the  beam  rapidly.  Although 
direct  measurements  of  the  lifetimes  of  the  most  important 
phonons  (which  do  not  have  a  small  wavevector)  are  unavail- 
eible,  we  believe  that  they  decay  rapidly  into  acoustic 
phonons  in  a  time  short  compared  to  laser  pulse  lengths,  in 
essence  depositing  a  certain  thermal  energy  very  close  to 
the  electrons  that  radiated  them.  This  means  that  there  is 
an  equivalent  heat  source  formed  in  the  irradiated  parts  of 
the  crystal . 

(5)  In  the  final  stage  of  damage,  the  large  ran¬ 
dom  acoustic  (heat)  energy  generated  from  the  LO  phonons 
forms  shock  waves  which  then  rupture  the  crystal,  generally 
some  time  after  the  optical  pulse  has  passed.  It  is  not 
beyond  the  theory  of  shock  waves  in  solids  to  estimate  the 
strains  developed  as  they  propagate  away  from  the  heated 
region.  However,  it  would  be  a  formidable  computing  task 
and  we  have  not  attempted  it.  Other  efforts  in  the  pro¬ 
ject  have  been  concentrated  as  outlined  in  the  following 
section.  Before  discussing  these  efforts,  however,  we  might 
make  a  few  critical  remarks  about  the  above  review  of  damage. 

There  are  various  potentially  damaging  processes 
which  lie  outside  the  foregoing  outlines .  We  have  examined 
all  of  those  known  to  us  and  have  found  them  to  be  probably 
less  important  than  those  outlined,  or  at  best  only  occur¬ 
ring  in  a  final  holocaust  when  they  are  not  needed,  if  in¬ 
deed  they  would  still  be  identifiable.  Among  the  most 
prominent  of  these  are  stimulated  Brillouin,  Rayleigh,  and 
Raman  scattering.  In  the  first  two  instances,  we  have  in¬ 
vestigated  the  degree  of  stimulation  of  density  waves  for 
purely  electrostrictive  and  for  absorptive  (thermal)  coupl¬ 
ing.  It  seems  very  unlikely  from  existing  electrostrictive 
data  that  significant  stimulated  Brillouin  waves  would 
develop.  Significant  gain  from  absorptive  coupling  exists 
if  some  mechanism  (such  as  our  conduction  electron  mechanism) 
can  produce  optical  absorption  of  order  one  cm”^.  But  at 
this  level  of  absorption,  damage  from  other  effects  of  the 
heating  will  certainly  obscure  any  stimulated  effects . 
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Raman  scattering  cross  sections  are  not  well  known,  but 
there  has  never  been  observed  at  damage  the  distinctive 
strong  Stokes  and  anti-Stokes  sideb2mds  that  accompany 
stimulated  Raman  scattering. 


C .  The  Role  of  Photoelectrons  in  Crystal  Damage 


In  this  project  we  have  exeunined  two  of  the  many 
questions  surrounding  the  roles  of  photoelectrons  in  the 
various  stages  of  the  damage  process  which  we  outlined  in  the 
preceding  section.  First,  we  have  studied  the  rate  at  which 
a  single  conduction  electron  transfers  energy  from  the  opti¬ 
cal  field  to  the  LC  phonons.  Second,  we  have  estimated  how 
the  presence  of  conduction  electrons  at  densities  of  the 
order  of  lO^^/cc  affects  the  rates  at  which  electrons  ini¬ 
tially  bound  to  impurities  (dislocations,  foreign  ions,  etc.) 
make  transitions  to  higher  energy  impurity  levels,  both 
bound  and  unbound. 

The  first  question  has  been  answered  with  the  most 
surety.  Foitunately,  sapphire  and  ruby  are  polar  crystals, 
and  in  polar  crystals  the  interactions  of  cold  electrons 
with  the  LO  phonons  dominate  their  interactions  with  other 
phonons;  and  a  particularly  simple  model  of  this  interaction 
derived  first  by  Frohlich  (Ref.  [10]  of  Appendix)  has 
proven  to  give  remarkably  accurate  predictions  of  mobilities, 
effective  masses,  arid  even  cyclotron  level  shifts  in  a  w;.de 
variety  of  materials.  The  only  parameters  in  this  model 
are  the  static  and  optical  dielectric  constants,  the  LO 
phonon  frequency  (or  its  average) ,  and  the  effective  band 
mass  of  the  conduction  electron.  Unfortunately,  the  last  is 
not  known  for  sapphire,  but  experience  with  other  ionic, 
high  band  gap  materials  indicates  it  is  easily  within  order 
of  magnitude  of  the  free  electron  mass.  More  fortunately, 
the  rates  we  seek  do  not  depend  too  strongly  on  the  effective 
band  mass,  typically  varying  as  its  square  root.  A  further 
complication  is  that  the  electron-phonon  interactions  in 
sapphire  and  ruby  cannot  be  treated  by  quantum  perturbation 
theory.  The  dimensionless  perturbation  expansion  parameter 
a  defined  by  Frohlich  is  roughly  three  in  this  case,  and 
only  for  a  <  1  is  perturbation  theory  accurate.  The 
author,  with  others,  has  previ  usly  developed  a  method  for 
treating  such  cases  of  "intermediate  coupling"  (Ref.  [6]  of 
Appendix) .  This  method  is  based  on  a  minimum-variational 
principle.  Long  experience  with  a  certain  two-parameter 
variational  function  has  indicated  that,  used  in  computing 
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the  electron  response  in  the  manner  prescribed  in  Ref.  [6] 
of  the  Appendix,  this  function  will  yield  an  optical  absorp¬ 
tion  rate  for  a  conduction  electron  accurate  to  within  ''^10%. 
The  uncertainty  in  the  band  mass  contributes  much  more  un¬ 
certainty  in  our  final  results,  so  refinements  of  the  varia¬ 
tion  function,  or  in  other  approximations  in  its  use,  are  not 
warranted.  The  numerical  details  of  this  calculation  of  the 
optical  response,  and  from  it  the  phonon  radiation  rate,  of 
an  electron  in  sapphire  or  ruby  are  given  in  Section  4  of 
the  paper  reproduced  as  the  Appendix. 

The  second  question  studied  in  this  project  sought  to 
determine  whether  the  presence  of  ^*10^®  conduction  electrons/ 
cc  could  significantly  affect  the  rate  in  which  impurity 
electrons  made  up  their  ladder  of  levels  and  hence  contribute 
to  the  very  nonlinear  behavior  of  the  dc  photoconductivity 
observed  by  Belikova,  et  (Refs.  [7,8]  of  Appendix), 

in  what  are  probably  tfve  only  high-intensity  experiments  re¬ 
ported  to  date  which  avoided  many  spurious  effects  of  surface 
conductivity.  The  impurity  level  structure  of  sapphire  and 
ruby  is  seen  to  be  very  weak  but  very  complex  from  existing 
infrared  absorption  and  luminescence  data.  Unfortunately, 
the  densities  of  impurities  of  different  types  are  completely 
unknown  as  is  the  structure  of  any  given  type.  One  can  make 
crude  estimates,  however,  with  various  physical  models,  of 
the  transition  matrix  elements  required  in  a  simple  Born 
approximation  or  dipole  approximation  treatment  of  optical 
field-electron-impurity  interactions.  Using  what  we  felt 
were  conservative  guesses,  we  round  that  the  impurity  transi¬ 
tion  rates  could  be  affected  in  an  important  way  by  the 
conduction  electrons.  This  is  especially  true  for  the 
majority  of  bound-bound  transitions  normally  not  resonant 
with  the  optical  beam,  for  these  transitions  become  allowed 
when  the  conduction  electrons  can  carry  away  the  excess 
transition  energy.  Optical  cross  sections  for  such  electron- 
enhanced  transitions  are  found  to  be  of  the  order  of  10“^^  cm^ . 
Therefore,  impurity  densities  of  order  10^®  cm"^  might  bring 
these  processes  into  contention,  if  not  dominance,  over 
direct  photoexcitation.  The  details  of  these  calculations 
are  given  in  Section  5  of  the  Appendix. 

Many  other  questions  surrounding  the  role  of  photo¬ 
electrons  in  damage  have  been  or  are  currently  under  study 
(see,  for  example,  the  Appendix) .  However,  without  much 
more  reliable  and  wider  range  of  experimental  data  on  the 
impurity  level  structure  and  conduction  band  characteristics 
in  optical  materials  of  interest,  definitive  answers  cannot 
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be  found  for  what  causes  damage,  how  to  prevent  it,  and  how 
to  detect  damage-prone  crystals  before  use.  Fortunately, 
laser  sources  provide  an  unprecedentedly  powerful  tool  (that 
has  as  yet  been  little  usedl  for  studying  photoconductivity, 
photo-Hall  effect,  luminescence,  and  other  properties  of 
very  weakly  photoconduct ive  materials,  such  as  ruby  and 
sapphire.  Progress  in  controlling  optical  damage  may  be 
anticipated  from  knowledge  gained  from  such  studies  in  the 
f ut  ure  . 
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Previous  workers  have  discussed  the  possibility  that  electrons  photo- 
excited  into  the  conduction  band  of  a  polar  crystal  by  a  high- inteiis ity,  short 
optical  pulse  may  gain  enough  energy  to  damage  the  lattice  by  initiating  an 
ionizing  avalanche.  We  discuss  here  other  processes  by  which  these 
conduction  electrons  may  damage  the  lattice  even  before  they  gain  enough 
energy  to  ionize  their  surroundings,  specializing  our  calculations  to  the  case 
ol  sapphire  and  ruby.  First,  we  show  that  the  energy  that  the  conduction 
electrons  absorb  linearly  from  the  optical  beam  is  deposited  almost 
immediately  in  the  lattice  without  significant  heating  of  the  electrons.  At 
electron  densities  (  ~  10*°  cm"3)  and  optical  intensities  lOlO  W/cm2) 
likely  to  exist  at  sapphire  damage  thresholds,  this  deposited  energy  is  found 
to  be  of  the  order  of  what  one  might  expect  would  be  required  to  form  a 
rupturing  shock  wave.  We  also  show  that  the  photo- excitation  of  both  bound 
and  unbound  impurity  levels  is  enhanced  by  the  presence  of  conduction 
electrons,  so  markedly  so  for  the  former  that  the  promotion  of  electrons 
into  the  conduction  band  may  be  significantly  "bootstrapped,"  thereby 
increasing  the  optical  absorption.  The  presence  of  conduction  electrons  and 
excited  impurities  in  the  expected  numbers  is  likely  to  alter  the  refractive 
index  significantly  and  affect  thereby  the  focusing  (self-  or  external)  of  the 
beam  in  a  complicated  way.  For  the  simplest  model  these  nonlinear  index 
contributions  would  tend  to  produce  repeated  focal  regions  along  the  beam. 
Implications  of  these  results  for  raising  damage  thresholds  are  discussed. 


Key  words;  Crystals,  electrons,  optical  damage,  photo-absorption, 
photo -conductivity,  photo-electrons,  polar  crystals, 
ruby,  sapphire,  self-focusing. 


1.  Introduction 


The  physical  processes  responsible  for  the  bulk  damage  caused  in  various  transparent  crystals 
by  short  optical  pulses  (causing  negligible  eles.irostriction)  have  not  yet  all  been  identified.  Here  we 
argue  that  several  processes  not  considered  previously  are  likely  to  be  important  in  the  optical 
damage  of  inclusion-free  polar  crystals,  especially  sapphire  and  ruby.  For  their  initiation,  these 
processes  would  all  seem  to  require  on  the  order  of  10l6  conduction  electrons  per  cc  to  be  present  at 
the  point  of  maximum  optical  intensity,  a  number  widely  suspected  to  be  present  in  sapphire  and  ruby 
»t  peak  intensities  ~  lO*®  W/cni^  just  below  damage  threshold.  We  wiP  argue  here  that  such  densities 
of  cold  electrons  can  a)  transfer  damaging  amounts  of  heat  from  the  beam  to  the  lattice;  b)  accelerate 
the  rates  of  photo-excitation  of  bound  and  free  impurity  electron  states,  thus  significantly  increasing 
the  supply  of  conduction  electrons,  possibly  even  in  "avalanche":  and  c)  significantly  change  the  local 
refractive  index,  possibly  in  a  way  which,  in  conjunction  with  the  normal  nonlinear  index,  could  cause 
repeated  beam  focusing  along  its  axis.  In  none  of  these  processes  do  the  electrons  become  hot  enough 
( -»  8  eV)  to  ionize  the  lattice,  in  contradistinction  to  the  process  suggested  by  previous  workers  [1-4]^. 


Work  supported  in  part  by  the  Joint  Services  Electronics  Program  (U.  S.  Army,  Navy,  and  Air  Force), 
under  Grant  No.  AF- AFOSR- 69- 1 622A,  and  in  part  by  the  Advanced  Researcli  Projects  Agency  through 
Air  Force  Cambridge  Research  Laboratories. 


Figures  in  brackets  indicate  the  literature  references  at  the  end  of  this  paper. 

Pres.mted  at  the  A.ST,\1  Symposium  on  L.isor  Damage,  boulder,  Color.ido.  24-25 
June  1970  and  will  be  published  in  the  Proceedings. 
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Hence,  we  will  ri  ter  to  tlieiii  a*  cold'  conduction  electrons  Uow  the  dani,ii;e  processes  discussed 
here  depend  on  crystal  ■  riiipe ratu re,  optical  waveienitth  and  pulse  duration  is  a  complex  function  of  the 
energies  and  w.i vrfiuution*  <>(  the  states  of  the  impurities  supplying  and  trapping  conduction  electrons, 
the  eleitrons'  etle<  ttve  iii.i s ;•( e s) ,  the  longitudinal  optical  (1.0)  phunon  structure,  and  the  electron* 
phonon  coupling  Although  otilv  the  hitter  two  are  tairly  well  known  for  ruby  ami  sapphire,  plausible 
hypotheses  about  the  toriiier  I.m.I  one  to  single  out  the  processes  we  propose  as  potentially  inipurtant 
to  damage  It  would  .iptie.ir  th.i'.  ri-clucing  donor  concentrations  or  increasing  tlieir  eleciron  binding 
energies  might  produi  more  d.iin.ige*  resistant  crystals  However,  it  the  loniliution  electron  density 
were  proport  lonal  to  opt  i,  1 1  intensity  ( whu  h  appears  not  to  In-  the  case  at  su<  It  high  intensities),  it 
would  tend  to  reiliK  e  sell  -  till  us  ing  (or  produce  it  net  delocus'.ig)  ind  thereby  luwei  daiiiage  thresliolds 
Other  conclusions  .itul  sitgci-sted  expertmental  checks  of  el-ctron  ,'roc'esses  an  ntentioned  in  the  final 
Section.  In  the  tollowii.g  Se>  tioti  *  we  sutiimarize  the  paiaiiieters  md  phy  iiral  regimes  we  encounter 
in  ruby  and  s,ipphire  ,in<l  we  outline  our  ruu-'!i  criteria  tor  when  damage  is  ekpected  In  .Section  I  we 
define  the  appro.,,  ii  we  take  tor  ey.ilu.ttiiig  '  .e  required  parameters  and  discuss  diftieuliies  witli 
previous  calcul.it  i. ms  oi  tl<e  roii<litic<ns  uno- r  which  hot  loriir.tiig  c-lectroiis  miglit  bt*  produced  I'he 
calculations  of  tin-  enli.inci'iiient  by  conduction  electrons  of  lattice'  licating  and  plioto-excitation  follow 
in  Sections  4  and  S  liefore  proceeding,  we  first  summarise  our  assessment  of  oftcn*conf)icting 
reports  on  photocondu,  tivity  in  ruby  and  sapphire 


Hochuli  S]  has  me.nured  the  low-frc'qucncy  photoconductivity  at  various  wavelengths  and  temper¬ 
atures  of  ruby  .iiid  sapphire  at  opt  teal  intc-nsit ic*s  I  ->  0.  2  to  S  VV/cni*-  and  using  applied  voltages  at 
frequencies  r.ero  II/,  lOU  II/,  and  ')  IS  Gila  lie  found  no  essential  differences  in  results  fur  the  two 
crystals  I  he  ubserveci  conductivities  (at  5  W/cm*^)  were  4  x  10*  I  10-1.,  and  4  2  x  lO'H  (cliii)' I , 
respectively,  at  the  .tbov,-  freqiietictcs  Since  all  these  frequencies  are  well  below  the  electron  col¬ 
lision  frequent  y  (wlucli  from  the  theory  of  Section  4  wc  estimate  to  be  ~  10^'^  rps),  the  wide  v.yriaiions 
in  results  indicate  the  niagmtudo  of  experimental  pitfalls  tn  any  attempt  to  measure  such  low  bulk 
conductivities  Anomalies  at  the  two  lower  frequencies  probably  arise  from  surtace  effects,  from  the 
inability  of  electric  contacts  tu  inject  charges  into  the  crystal,  and  from  space  charge  buildup.  There¬ 
fore,  the  9  Gila  value,  obtained  in  a  microwave  cavity  with  a  small  electron  drift  excursion 
amplitude  (of  the  order  of  an  An8trum),is  probably  the  most  reliable.  This  conductivity  was  linear  in 
the  optical  intensity  within  the  range  of  observations.  Its  wavelength  dependence  suggested  that  the 
electrons  were  supplied  from  donor  levels  between  0  b  and  I  .  2  eV  below  the  conduc  on  band,  in 
agreement  with  what  one  would  conclude  by  atudying  the  normal  bulk  conductivity  vari  lion  with 
temperature  at  higher  temperatures.  The  wavelength  dependence  also  suggested  mure  donor  levels 
appearing  around  3  cV.  Although  Hocheti  waa  able  to  observe  a  Hall  voltage,  it  did  not  vary  when  the 
light  was  turned  on  or  off  The  nominal  Hall  mobility  value  p  0  052  cm^/V  sec  derived  therefrom 
has  nevertheless  ben  used  without  question  by  other  workers  whenever  a  value  was  resjuired  in 
calculations.  This  valu<-  corresponds  to  a  collision  time  *  of  4  x  10’ sec  .  or  an  electron  mean  path 
of  the  order  10*  cm,  and  must  be  considered  unphysical,  corroborating  the  difficulty  of  making 
electrodes  on  sapphire  ('sing  the  standard  Frohlich  theory  of  a  conduction  electron  in  a  polar  crystal 
adapted  to  the  large  <  oupl .nc  constant  of  sapphire  ^6',  one  estimates  '  (at  room  temperature)  tu  be 
between  lO*'"*  and  10"'  '■  sew,  depending  on  where  the  effective  band  mass  lies  between  )/IO  and  1<) 
eleciron  masses  .Assuniin:  a  free  electron  mass  for  which  '  ^  7  x  10*1^  sec  (and  p  ~  12  cm^/V  sec), 
one  would  infer  from  MocIiiiIi'e  microwave  observations  that  he  produced  ~  2  x  10^  photo- electrons  per 
cc  with  5  W'em^  of  bruadb.md  llg  lamp  exciting  intensity.  Wc  see  from  this  that  lOl^  electrons  per  cc 
would  very  likely  be  excited  near  damage  thresholds  of  10^^  W/cm^  provided  that  10^^  donor  levels  per 
cc  were  occupied,  a  provision  which  is  unknown 


Except  possibly  for  the  experiments  of  nelikova,  et  al  >'7,8],  other  reported  observations  of 
photoconductivity  in  ruby  .ippear  to  be  plagued  by  surface  and  contact  effects.  Belikova,  ct  al-  , 
observed  (ho  phutocunduet ivity  to  be  highly  nonlinear  with  the  (6943  k)  optical  intensity  I  for  intensities 
near  lOlO  \V  'cm*^  7'  One  can  use  our  value  of  -  above  with  their  data  to  estimate  very  crudely  (since 
thei.-  beam  geomci  ry  w.as  unspecified)  that  they  were  observing  we))  over  10*^  electrons/cc  at 
)0l0  W/cm’  (providc'il  th.il  the  electron  recombination  time  was  short  compared  with  the  optical  pulse 
length)  Belikova,  et  al  ,  .also  observed  optica)  emission  ban()s  near  2,  2.  7,  and  3  cV  (they  could  nc" 
sec  below  2  cV)  which  are  suggestive  of  some  impurity  level  transitions  The  foregoing  is  about  all 
one  can  conclude  about  photo*  electrons  from  existing  data  for  ruby  and  sapphire. 


2  Description  of  Electron  Interactions 


In  studying  the  role  of  pholo-cxcitcd  electrons  in  crystal  damage,  we  will  constantly  apply  our 
formulae  tu  the  case  of  s.ipphire  .md  ruby  I'he  phonon  structure  of  these  two  crystals  arc  essen'iakv 
identical,  as  .ire  the  low  -  iiitensil y  pholoconduc'ivities.  Although  distinct  differences  in  damage 
behavior  have  been  observed,  the  gross  damage  thresholds  are  statistically  indistinguishable  fer 
sapphire  and  ruby  Therefore,  most  pertinent  aspects  of  these  two  crystals  can  be  studied  together 
Kor  brevity,  we  shall  refer  herr.ifler  only  to  sapphire,  but  shall  intend  our  remarks  to  apply  also  lu 
ruby  unless  stated  otherwise.  We  shall  also  assume  throughout  that  the  optica)  beam  wavelength  is 
6943  k,  that  of  the  room  temperature  ruby  laser. 
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A  (roe  fli'Ctrun  fat  of  rfontity  cm*)  hat  a  pUtma  froouency  l•>n~6  x  rpt  that  it  much 
lower  than  a)  the  optical  beam  frequency  of  interett  v  (2.  71  x  lO'^  rpt),  d)  the  phonon  frequencies  u), 
( lOl^  rpt).  and  c)  typical  electronic  excitation  frequencies  (  ~  10)^  rpt). 


We  shall  call  a  conduction  ele-.'tron  "cold"  when  its  energy  it  much  lest  than  interband  enerfiet 
and  Its  uavelcnfth  it  much  lonucr  t'*an  the  scale  of  potential  variations  of  the  field  lattice.  Other 
electrons  we  will  refer  to  at  "hot  "  The  time  for  cold  electrons  in  the  I /dO  to  I  volt  range  to  equili- 
briate  among  l  ach  other  by  rollitio  it  at  .i  density  lOlb  cm*)  it  of  the  order  of  I0*lf)  to  10*1  1  [.9]i 

much  longer  tlian  the  inverse  electr  in- lattice  collision  time  (  ~  10*)^  sec  in  ruby).  Therefore,  at 
least  before  any  large  ionising  aval.mche  occurs,  the  cold  conduction  electrons  may  be  studied  at 
independent  particles,  nut  interacting  among  themselves  but  interacting  only  with  the  fields  and  other 
particles  in  the  crystal. 


When  a  cold  electron  moves  in  a  poI,-\r  crystal  such  as  ruby  or  sapphire,  it  is  often  called  a 
"polaron.  "  ItK  interiictions  with  the  crystal  phonons  are  known  to  be  well-described  at  room  temper¬ 
ature  and  above  by  ihi-  Ilainiltunian  derived  by  Frohlich  ,.t0j  and  used  by  all  previous  workers  in 
calculating  electron  motions  leading  to  damage; 


«F  *  ‘‘o  ^  ''f 


where 

ho  •  *  A(t)]*  *  ^k  ‘k  ‘k 

and 


^  ik*  X  ,  a 

^k  ^k  ‘k  ~  h  " 


(1) 


(2«) 


(2b) 


Here  p  is  the  electron's  momentum,  and  x  the  electron's  position  coordinates,  Sj.  is  the  annihilation 
operation  for  a  LO  phonon  of  frequency  uT.  Optical  wavelengths  are  long  enouglTso  that  the  vector 
potential  A(t)  may  be  taken  as  a  function  of  time  only  oscillating  at  a  frequency  ■>  We  use  dimension¬ 
less  "polMon”  units  in  which  the  effective  band  mass  of  the  electron  is  unity  as  is  Planck's  constsn' 
S  All  energies  are  measured  in  units  of  an  effective  LO  phonon  energy  (680  cm*)  or  980°  K  for 
sapphire  and  ruby)  Frequencies  are  measured  in  units  of  (=  1.6  x  lOf**  rps)  so  that  v  =  1  7  for  a 
694)  X  beam  in  sapphire.  Lengths  are  measured  in  units  of  (i|/m^  Ug)t  which  is  8.  5  x  10*8  cm  for  ruby 
if  we  take  mb  to  be  the  free  electron  mass  showed  that  in  these  units  the  coupling 

coefficients  are  well  approximated  by  k**  where  V  is  the  crystal  volume,  a  is  the 

dimensionless  polaron  coupling  constant  (c*)  *  CgM  (Ryd'/ttw^lt.  Here  Ryd'  is  the  Rydberg  for  an 
electron  with  mass  m^,  and  c  and  Co  *re  the  optical  and  static  dielectric  constants  (3.  1  and  10).  For 
mb  *  mg,  a  -»  3  for  ruby.  In  ruby  an  electron  is  hot  if  k  is  of  order  10  or  more  (in  polaron  units).  Hot 
conduction  electrons  have  neither  the  simple  forms  of  kinetic  energy  or  lattice  interaction  energies 
found  in  eq  (1)  but  obey  complex  equations  in  which  exchange  must  be  accounted  for  and  which  have 
never  satisfactorily  been  approximafcd  in  usable  form  for  a  dynamic  lattice.  There  would  seem  to  be 
no  way  at  present  to  make  a  reliable  estimate  of  how  strong  an  optical  field  would  be  required  to 
produce  enough  interband  electronic  transitions  (i.  e.  ,  lattice  ionisation)  to  cause  damage. 


From  the  discussion  of  the  previous  section,  it  is  evident  that  the  electrons  photo-excited  (below 
damage  thresholds)  in  ruby  <ind  sapphire  crystals  come  from  donor  impurities  to  which  they  are  bound 
initially  with  much  less  energy  than  the  valence- conduction  bond  gap  energy  (  ~  8  eV).  The  effects  of 
these  impurities  on  the  supply  and  motions  of  conduction  electrons,  as  well  as  on  the  excitation  of  the 
donors  by  conduction  electrons,  can  be  studied  by  considering  the  Coulomb  interactions  V|  between  a 
conduction  electron  at  x  and  the  i*)*  particle  of  the  oif*  impurity  having  charge  eqti  and  located  at  r9  . 

^  I  ^  I 


(3) 


where  the  electronic  charge  e  is  4  in  our  polaron  units,  and  is  screened  by  the  dielectric  constant  c, 
appropriate  to  the  frequencies  of  motions  under  consideration. 

To  deal  with  the  elastic  scattering  of  the  electrons.  One  needs  only  the  matrix  element  of  eq  (3) 
diagonal  in  the  impurity',  ground  state.  This  gives  an  effective  classical  scattering  potential  seen  by 
the  conduction  electron.  To  study  inelastic  scatteriug,  we  will  assume  that  the  impurities  may  be 
described  by  an  unperturbed  Hamiltonian  h.  =  T.  h|Q  with  "ionised"  or  unbound  as  well  as  bound 
electronic  eigenstates.  Calculations  will  therefore  start  from  a  total  Hamiltonian  H  comprised  of 
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V  rohlic  h*  •  M  iiMM  ti  <  i|  ( I )  ( K  iiln  •  i  i<lil  i  f  iin*,  |»hMnon»,  4n«l  iKcir  inivr^c  Hunt  I  |ilat 

I  hi-'  rl«*<lfiin  (  M  4  i<U  'a  i(  li  )«  tlriv  f  lifipuf  M  v  **** 


II  .  h,  .  V,.  .  V,  Ml 

r  will  .1 »  •  tiiMi  *  h  1 1  (I .lit  >  t «i  Mit*  1  r •««' « ii r •  ftr  n  i hr  im I'  f  41  iiunt  \  ^  4fwl  % |  c oftibifir«l 
c  4U4  c*  I  h«'  I  «•!«•  j  .•  I  <  III  •' }  •  •  ‘I  II «  *  *•  1 1»  4  .*•  1  III*  I  i:v  r  f»c  r  I  i  •  mir  *  •  i  i*  iiK  4  •hur  i  u|ii  ic  4)  l*ultc 

1N4I  I'MC  i'i'iU  I  I  f«r  •  « ^  \  .1  i  •!<  I  h4l  I  «•  «i«  •h4U  ti  r  li  ■  lu  ilrta  t  I'Mni  4<  h^f  «i|H  i<  4 1  Ur 4 ill  ini«*ii4iiy 

WC*  rii4y  rli(»i't  I 


U  »  e  <M 

o 

»  I  I 

Mrr»«*ni  rvt.frtu  1*  iti(!ti  \*i'%  ihi<  t«  of  iiulri  I til  )0  '  « III  itif  r 4n«l  •4i*i*htri’  f<ir  *0  n«« 

pultri  in  .1  b'  »<’ii  III  ■  I  !i*r  ''til  ;i>M,  <! t .i iiM't •  r  \  •h«i«  k  «k4Vi  «if  il.i*  rnt'f^  v  Aiir  rovinclini;  ih«*  ti«-4tit  iaiiuIiI 
drvclo|i  ri' 1  m  <»  xn  *'.>  ••lOi’t  of  yi«  l<t  1  (Miitmitlv  4  i.»ri;i  »«4fi  «it  i«iMf  t  f  •i4n4iiiir 

oplll  4I  ll4tll4  c*  Itt  *  I  k  '•  *  I  I  •  •  t.*  .11 1«  «|«  V«  toj*.  /  .0.  4«  •  Ilf  41  •  t  liror  %  *1  *fki*  4iooi4ni  I't  a  ncr  i:\  da* fill*  it  |i»la 
rr<)Ui*r«l  tu  |ir>i<lti«  •'  r  nr  .n,-  Blr.iifi*  4  tl|l•4lloll  of  ibr  4t»tuunt  And  •fi4ti4l  4nd  l«'fti|M<r4f  dlttfibuUon 
of  thit  dr|Ht«t(ion  H•lvli*^a'r«  t4i‘  •b4ll  tonlrnl  i>Mf4rlvr4  hrrr  I4llh  Ihr  4ha»vt  crudr  r4llttt4t<*  fi^r  tf^ 

)  Ap|iro4chr«  til  ihr  t  4l«ul4tion  of  I>4ttt4|tr  Ihrrthold* 

Previous  I r r  it •  of  tho  rolo  of  i  tritron*  m  d4ni4|'r  1,4'  ftiarird  from  rrolilirfi  t  1  l40if|iani4n 
^9  |l)  anil  «oii^*bt  to  i  ()«  \tl.ati  >l,«*  opftial  inta*it»i*.%-  4t  i4rhit  h  rln  trim*  aoubf  cam  rnouifli  rnrrm^  u  to 
CMC  Ilf*  an  4V4 1  ibi  III  <*:  1  n;  rr  1 1  an*  it  ion«  I  hr  a*«)irr  ird  rni*rit>  u  of  an  rla’i  t  run  in  t ha  o|ii  ical  field 

W4t  rttitnaied  :t«*iM  M.t*  i^uitaon 


3?  •  «..  •  ".I  '« 

wherr  l<(,.  1%  (hr  .iv<  .»(  ohu'li  (hr  opdi  4I  lirld  drrt  okorl  on  the  rlr«iri>n  «n>l  Mp|  (•  (hr 

«vcr4t*(<  r.itr  .1'  w('.n‘  r.'!  4  l.Tiror  r4>!i4<r«  phonons,  t  e  ,  irsntirrt  •(•  rnt-rev  •»  'h*’ 

Islldc-  l'r<  vii'M*  <  r -  .ii 111!  lit •  .i\ •  .ill  (.(Vi'n  Uir  Kj,> utasi  linrsr  cuntlut  (ivtiv  lots  prr  rli’iirtm  «illi 

ri'4Son4bl>'  fir-lt  r  <i|  t-i.i  .'nit  t«<|4  jutMin*  Iroiii  ih]  III  |4tr  (hi*  opiitsl  ronduOiviiv  (or  rh-itrnn 
rollt«)4in  r4'.4'  I  II-  4.-^4  r.  t*  -  «  (i.ivi-  )i44<>  4|>|>r»fciii(4iiont  (01,  or  •(Aicftr n< •  4buut.  It,.|  tH«i  srr  nu 

dirntdy  b.«*4  4|  4414  ■  n  .11*11:1  .iii  r.itr  t»i  «i  4-  4|>;ii4i|>ri4t4'  oprrsi'ir  ttst  "rni.^n  I  .  iim*!  lur  11^,^  the  rsir 

•  I  (whii'h  4n  ^  *r<4ii  h.i.  n.-  4  M.<M*4-IU4n  Hi* ■  r il«u( tun  «ould  l»*r  nneriiv  'o  •<  itxilrr  l4i>i'4'  in  (hr 
sbsvni  r  of  1)14-  -t;4ti4  4I  :.4'S-’  (  \  H|  ||,.  p, rdu 'ed  hrraicioun  in'.rnsit li-s  ortlrr*  ■•(  tiiscniluiU'  sIhivp 
those  41  tu.illv  -■••••<•  r%  4  s\4-r4\.  .  t  4 1  <  ,  used  lor  M,.  •  ilw  spprosf.s’"'  r.i'i  4I  isliic  h  sn  eln  1  ron 

t*«»illH  |i  p»4  4*. .  r  .  V  '  ■  ' '  '  1  '  1  « '  .1  r '  me  •  r  i-m  1  i*  >44411,- niuiti  rii;4-  n»i4i  ••  ]  (•’  144*  i*  h  u  h  •  p^  u  s  I*!'  in  t  K. 

shsrnr  r  u(  t  h4'  ,-t  14  4]  1..  44I  lli*  t'rriiii  t,-,!  ihrt  shobls  si*"  •  >C  >  idrtl  ubsi  r  vi  il  thresh,>|i|*  by  nv' r  ivin 

orders  nf  1114 i-ni* >1-1 --  ■*>  i4-4-t  it  is  quite  prubsltle  ili4t  4  prert**  rvsIiMiion  ol  ihi-  spt-cirsi  eneruv 

dl*l  r  ibut  I  >n  >|(  .1  *.  t-  '  1  -  n  .itn-v  tii;  •  q  (  M  «  milil  «hni»  (hst  (hr  r  li  r  I  runs  do  in  (sc!  ri-nistn  Ion  cool  tii 
lontir  iiiip-iriti-  >  ir  ’ ‘i-  l.ittii  1  npiicsl  I. eld*  l,,'|i,i*  ilstiisiie  ihreshuld*  In  (lie  nisi  Section  *1  shot* 
ihsi,  imlei’il,  4  ii,  Aitti  |>h4<n<>n*  doii  ins'e  sn  eleelror  s  mutioit  He  hsve  rherhi-d  Ihsi  t<  ('tllotss 

riRoiou*  Iv  Ir-'**-  *  i|  ' )  I  •  li.i* .  *  -1  I  \*  4  •!  -T-:.  r  in  t  l>e  npi  icsl  inien*iif  sral  co4i|iline  psr  smel  era.  sn 

el rc  iron'  s  4-s;>-  4  •  -  -(  . .  --n-- 1 .  i«  *  ini>lv  tl  4-  «4ioi  ol  ii  *  •'i>h4  r  •  nl  ly  us*  1II4I  inc  >  nt-r  sy  plus  IS  T/2 

shrrr  T  is  ih-  .iml.i-  n*  '■  4**ii  -■  •.  *i.;f.  r-it-ir.-  the  coherent  eni-rKV  IS  very  much  smsiler  ilisn  ST  (or 
oplicsl  in’t-n*!!;-  *  *-  m.*  -  n  *1  I  !f-r4  |4>r4-.  1*4  r<i»  tirt>ce«-H  in  4-ksiitinr  tsheiher  cold  ulecirons  nisy  f®' 
medisie  ihe  4(4. 1-4-*  I*  I-  i>  4|  4I.1  i4..i.'ii' I  .'ii.44ur.<s  ot  •  r.erey  in  s  •apphire  lalllir 

As  i*r  104  4t|44n4--;  411  *lic'  |■r4'Vl••us  seiium.  oui  spprosrh  isill  be  In  rsiculale  the  beam  inlensilv  *■ 

ishich  Ihe  in4-rc>  I’  ;-44.itr4l  pi-r  unit  v<4|-,tii4  m  ih,  IsHicr  Iroiti  the  optical  (leld  via  the  electron# 
enceeils  .1  Ilir4-*l4  4I.!  v-ilue  If  ihe  iiiasitiitim  optical  beam  energy  per  unil  area  is  St  then 
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taliere  *  is  the  .ilisnrpiion  per  iifnt  li-nKih  <>(  an  itpiical  brant  o(  (requency  t  rollowInK  r'llM  ’(*’4  o* 
1* r He  the  qu  mtiitii  4  \;-t  1  ■  .ii i-iii  v.iltie  tif  tiit  aii.p! l’•lde  u(  an  e I er Iron's  coordinate  al  frequrnc y  t  ** 

Re  f>'  '•  f  (-••'•  I  .^)  vk  fii-n  !  lit-  e'-ei  (  r  on  is  in  sr.  optic  a  I  electric  (leld  He  .  With  Ih  la  dr  (in  It  Inn  we 

have 


4} 


«  h  •  (w^  /  c)  •  »  ]** 

t  P  » 

<*hri»  k  i(  ihr  MavrlrnttHi  nl  ihv  liishi  in  ihe  cryaial  *  2»  utd  w  la  Iht  alrciron  plaama  (raquancy  (in 
until  o(  •gl  In  C|!i  until  «>*  «ilhfibain(  lha  numbtr  dcnaily  o(  elacirona. 

Thr  rviluaiini)  o(  »  (alia  naiurally  into  i»u  parli:  lirai,  ihr  deiarminallon  o(  lha  rala  ai  which  a 
ainfir  coixlut’ixn  i-litirx/.  Iilifi  inrrtiy  (runt  ilir  lirld  (and  di-livara  ii  lo  ihf  laiiica)  by  a  calculation  o( 
andi>run>l,  ihr  •  iiintaiian  u(  ihr  nuiithi'r  di  naily  t  o(  ihaac  clactrona  Wa  conaidar  Ihaaa  Iwo 
^uaii  turn.  rri|ii.-«  livriy.in  ihr  lulluwinfi  iwn  irtliuna 


4.  Optical  Rraponar  o(  Sin^la  CIrciron 


Wa  raaminr  (iril  «n  rirrirnn'i  opilca!  rnponir  in  lha  caar  ihai  il  ii  adrclrd  only  by  alaciron- 
phonon  iMrr  jCUoni  .■«  il- *c  i  ibi.-<l  by  I'rnhlirh'i  Itamillunian  rq  <11  tiiih  couplina  paramalara  approprlaia 
lo  aapphirr  Mr  ihin  (in-l  ihai.  al  Iran  al  room  irmprraium  anu  abuvr,  colliiloni  with  impurlilaa 
arc  rt  laitvriy  It-ii  iiii|M>ri4nl  Whm  ihr  rirciron  reaponaa  la  linear  in  ihr  appllad  (laid  (or  a  plian 
•lailicr  iimpt-raiuir,  *•  may  uat  ihr  drirrininaiiun  ol  i  ^  by  ridl*  «hu  lalculaird  lha  quantum  rapaciad 
value  n(  ihr  •Ivciron  toaiiinn  lo  liral  order  in  ihr  optical  (laid,  (hair  aapreaaion  la  aliaci  (or  all 
lamprraiuraa  at  aniall  rouplini,  (o'  II  and  givaa  an  accurata  aolullon  aven  whrn  a  ~  )  aa  (or  rubv  In 
Ihia  caar  ii  ahnw*  111.11,  lor  ;  17.  both  lha  real  and  imaginary  parla  o(  ■  ,  are  much  laaa  than  y<  so 

iKai  wr  nrr«l  only  <  alt  ulai*-  lin«  ,  lo  aalimala  iha  abaorption  conatani.  (  Tha  Ra  can  o(  couraa  ba 
dairrmlnad  Irum  |m  by  Kr  4ntff  ri  •  Kronif  rclaiioiii.  ) 


tm 


C:)  I 


cog(iiM)  ceau  du _ 

•  b  coalvul'j^'* 


(9) 


Kara  v  and  w  ara  naramrirra  lo  ha  choaan  from  a  variational  principl*.  a^  *  fi^/4  *  Hfi  colh(|lv/2): 

R  a  (v^  •  w^l  /  (w«  v|;  and  b  a  R^  alnh((lv/2| 

In  lha  waak  coupline  limit  v  s  w  '  ),  R  •  b  •  0  and  a  ■  fi/i-  Than  lha  inlagral  can  ba  avaluaiad 
anacily  in  larma  o(  iixiclilird  Itataal  (uncllont.  At  lamparalorat  much  lowar  than  lha  Dabya  lamparalurr 
(fi  Ur$  r|  ihia  rrauli  rrducra  lo 


Imx^  -  2a(v  •  ll*/J  :  a  <  I,  R  >>  I,  y  >  I.  (10) 

For  a  <  1  and  y  I  7,  Ihia  la  S.  Tha  landing  corracllonlo  aq  (10)  (or  (Iniia  lamparaiuraa  mulilpliaa  li 
by  (I  •  R*h.  incrracing  11  by  }0^<  al  room  lampcraiura  (fi  *  i.  ». 

Whan  0  •  Ihr  variailonal  principla  givaa  v  <  ).4  and  w  -  2.  Si  in  lha  aaro  amparaiura  limit  [6 
Uaing  ihrac  parami-irr*  uiih  |)  r  }.  }  givaa  R  '  0.  22''  a  •  I.  M6  and  b  •  5  S)  a  K*’  V  Wa  hava  avalu- 
alrd  rq  ('ll  numerically  (or  ihraa  p.cram<dara  and  hava  oblainad  Im  t-,  >  IS  Wa  hava  alao  avaluaiad  aq 
(9)  at  (rrqurncira  In  ihr  nrigliborhuod  o(  J  >  17  and  (ound  lhal,  at  in  aq  (*),  Ini  varlaa  alowly  with  * 
Tharrforr,  rlt  circin  iranairnia  aaaociaicd  with  lha  riaa  and  (all  o(  avan  picoarcond  optical  pulara  arc 
vary  amall,  and  n  i»  4  t;oi>d  approximaiion  In  pracitca  10  aaaume  lhal  al  any  inaiani  Hir  airciron'a 
motion  la  ihr  aamr  .la  lur  .1  purely  ainuaoidal  (laid  ol  ampllludr  approprlaia  lo  iha  inianaliy  ai  ihai 
inaiani  (hr  (jal  rraimnar  o(  ihr  cic'clron'a  motion,  aa  rvtdvncad  by  Ihr  nonraaonani  characivr  o(  , 
logrlhrr  with  ihr  knowIriU-,-  ihal,  .cl  inlcnalliaa  o(  Inlaraal,  Ihr  alaciron  la  gaining  nrgllgibir  anargy 
(aiaying  'cold  ),  imiilira  ihui  ihr  abaorbad  anargy  ta  bring  paaacd  on  aaaanllally  Inaianianaoualy  10  lha 
phonona  via  ihr  coniilini;  rq  (2b).  Tharalora,  II  la  valid  10  obtain  lha  rala  o(  dtpoaliion  ol  anargy  In  lha 
lalllcr  by  drirrmininv*  Ihr  rair  al  which  lha  alacirona  abaorb  anargy  Irom  iha  optical  baam,  and  wa 
return  lo  ihia  pioblnn. 

Whan  a  room  irmprraiura  corracllon  la  mada  lo  v  and  w,  wa  guaaa  lhal,  aa  (or  amall  a,  lha 
raauli  la  ralard  by  aruuml  30*«  ao  lhal  lha  Frohlich  modal  may  ba  lakan  lo  yield 


Imx,  -  iO  (II) 

for  a  ruby  laacr  beam  Oriving  an  electron  of  band  maaa  aq'ial  lo  a  (rae  electron  maaa  In  ruby  or 
aapphire  al  room  Irmparjiurr.  Tha  main  uncerlalniv.in  aq  (II)  cornea  (rom  lha  uncarialniy  In  lha 
effective  band  maaa  m^.  Im  Xy  varlaa  roughly  aa  m{'^. 
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U  thp  tciiiprraturi'  )iooi  hit;hcr  than  the  phonon  energy  but  is  still  small  compared  with  ,  then  eq 
(9)  yirlilf 


IntX^ 


4a 


o  <  <  I.  I  <  <  p 


<  <  o  . 


(12) 


showing  that  the  l■••atr(l  l^tticf  causes  the  electrons  to  absorb  even  more  light.  Note  that  the  "Q"  of  the 
electron's  i>tcill.«!ii>n,  •*-/(^  Ini  \  ,),  is  of  order  7  for  our  estimate  eq  (II).  showliv  that  indeed  the 
optical  frequency  is  much  larger  tlian  the  effective  electron  collision  frequency  as  we  assumed. 


One  can  see  at  this  p'.int  t  _ _ ^  . 

electron  density  mere  IOl<  cm*^  at  an  optical  intensity  of  lOlO  W/cm^  (which  Ihg  evidence  outlined  in 
Section  I  suitgests  as  a  conservative  estimate),  and  if  eq  (II)  were  valid,  then  '*'p ''  10**  and  ck]  (8) 
gives  a  ^  0  012  dll’*.  Kora  )0  nsc  pulse  this  absorption  would  deposit  40.1  per  cc  in  (he  lattice, 

someuhat  less  1.1.10  the  value  1)  expected  to  cause  damage.  However,  llelikova,  elal.  ^7],  i:,ive 


convincing  evidence  that  the  electron  density  is  increasing  very  rapidly  with  optical  intensity  at  theae 
levels,  an  occurrence  mhich  we  expect  for  reasons  given  in  the  following  section.  Uefore  considering 
factors  which  affect  the  electron  density,  however,  we  consider  contributions  other  than  those  of  the 
linear  response  rq  ('-))  to  electron  damping. 


First,  the  question  arises  as  to  whether  there  are  significant  intensity-dependent  corrections  to 
the  electron  respense  at  the  optical  frequency  as  represented  by  eq  (9).  (Responses  at  harmonic 
frequency  luultiples  ilo  not  contribute  to  the  average  work  done  by  the  optical  field  on  the  electrons  and 
so  we  need  not  const. Icr  ilirsi  here.  )  There  are  two  types  of  nonlinear  corrections  to  eq  (9);  first, 
those  arising  from  iho  nonlinc*ar  reactions  of  the  phonons  on  the  electron,  and,  second,  those  arising 
from  the  miens  tty -dependent  deviattons  of  the  momentum  distribution  of  electrons  from  a  thermal 
distribution.  We  have  eatimated  bo.h  effects  by  expanding  the  quantum  expression  for  the  expected 
electron  position  (.iiid  velocity)  to  the  third  order  in  the  electric  field.  We  have  found  that  both  effects 
lend  10  dimmish  the  optic.il  absorption  from  its  linear  response  value,  a  result  expected  on  the  physical 
grounds  that  electrons  -if  high  energy  interact  less  with  the  optical  phonons  than  do  low-energy 
electrons,  i'or  both  corrections  the  natural  dtmensionless  expansion  parameter  Is  (kg  rg)^  where  kg 
Is  Ihe  wavevector  of  an  electron  having  energy  and  rg  is  ihe  classical  amplitpde  of  a  free  electron 
oscillatmg  in  the  applied  optical  field.  In  our  case  this  parameter  is  l(W/cm‘')  x  10'*  *.  Since 
optical  intensities  have  not  yet  been  observed  to  approach  even  10**  W/cm^  before  damage,  we  con¬ 
clude  that  the  nonline.ir  corrections  lo  eq  (9)  are  too  small  to  bo  of  importanc'  in  pressnt  considerations. 

Next,  we  see  why.  under  conditions  of  intersst  here,  phonon  scattering  of  conduction  electrons 
dominates  scattering  by  ionised  arid  un-tonited  lattice  impurities.  For  each  conduction  electron  there 
is  in  the  lal'ice  a  heavy  positive  lun  whose  charge  is  shielded  roughly  by  the  static  dielectric  constant  of 
Ihe  laitice  ( '  g  ~  Id)  Ihe  Itnrar  absorption  by  10*^  electrons  per  cc  in  such  a  two-component  plasma 
at  room  temp«’ratur«-  is  ~  iQ't*  per  cry  II).  This  is  so  small  compared  with  phonon  effects  that  one 
can  readily  apprect.itr  that  even  if  10*^  per  cm^  of  electrically  neutral  scattering  centers  were  added 
to  the  Istlicc,  one  would  not  expect  them  lo  scatter  electrons  as  effectively  as  do  phonons  at  room 
temperature  and  above  This  predominance  of  phonon  scattering  at  or  above  room  temperature  has 
been  observed  in  various  ways  even  in  crystals  whose  electron -phonon  coupling  is  much  smaller  than  in 
ruby  and  sapphire  I.’  Having  estimated  the  optical  response  of  a  single  conduction  electron,  we  now 
proceed  tn  lonsider  how  their  nuiWbers  are  affected  by  their  interactions  with  lattice  impurities. 


S.  Conduction  Oectron  Interactions  with  Impurities 


From  tncoiiipleti  existing  absorption  'I  3)  and  luminescence  '8;  data,  it  is  evident  that  sapphire 
has  a  compK.’  impurity  level  structure  with  energy  differences  ranging  up  to  at  least  3  eV.  Light  of 
any  single  nptu  .il  w .iv.den,:ih.  such  at  694  3  1.,  will  not  be  resonant  with  a  significant  fraction  of  the 
bound-bound  tr.insiiiMns  .inii,  of  course,  will  only  excite  transitions  lo  Ihe  conduction  band  from  bound 
Irvris  within  I  .8  eV  oi  the  b.in-l  idge.  If,  however,  the  light  became  effective  In  exciting  a  large  frac¬ 
tion  of  the  bound -hi.>iini|  ir..nsi  ions,  ihen  cascade  transitions  of  electrons  into  the  conduction  band  from 
levels  lying  more  ih.in  I.  8  •  V  below  the  band  edge  might  dominate  direct  photo-excitalion.  We  shall 
now  show  that,  at  conduction  electron  densities  —  lOle  cm*',  the  light  does  become  so  effective  in 
exciting  bound-bound  transitions  with  whicli  it  is  not  resonant  that  cascade  photo- excitation  may  become 
important  in  incrrasinc  the  conduction  electron  density  near  optical  damage  intensities.  These  non¬ 
resonant  transitions  .<re  possible  because  Iho  conduction  electrons  readily  absorb  the  difference  in 
energy  .■  -  between  ,in  absorb.il  photon  and  the  energy  of  transition  between  the  upper  and  lower 
states  |b3  and  |  a^.  V.  e  now  show  that  the  rate  R-k  for  a  typical  impurity  to  make  such  a  transition, 
multiplied  by  a  reasun.iblt<  impurity  density  (  1019  cm*^),  may  exceed  the  total  direct  photo- 

excilalion  rate,  and  thereby  initiate  cascade  ionisation  of  impurities. 

To  calculate  the  rates  R^b  *'  **  convenient  to  re-express  the  interaction  of  aq  (3)  a.  a  Fourier 
transform  (the  impurity  index  a  ts  now  omitted  since  we  sre  considering  only  one  impurity); 
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whort"  v.^  is  tho  impurity  operator  4ire  V*  e,  k  Ij  expik*rj  and  V  ia  a  fiducial  interaction  volume. 
The*  suni  IS  confined  to  tlic  bound  impurity  electrons  a''s  only* cTectronic  'ransitions  will  be  considered. 
Tor  the  tr.Ttisitions  of  interest  we  may  take  Cg  to  be  the  optical  dielectric  constant  c.  With  the  form  eq 
(1.1)  It  IS  .1  straightforward  matter  to  rc-derive  the  quantum  Golden  Rule"  for  calculating  transition 
rates  but  with  an  unperturbed  Hamiltonian  h^  =  -  Ag  eosjt)^  instead  of  ^p^.  To  lowest  order  in  the 

electron- iMipurity  interaction,  the  rate  (or  an  electron  to  .  catter  from  momentum  state  |£)  to  +  jc) 
white  the  impurity  goes  from  |  a)  to  |  b)  is  ^ 


£  +  k;  a  -  b)  2ir  |(b|v^la>l^  ^  6(k^/2  4£.k  +  -t  nu)  •  CJn(k-r^)]^ 


where  we  have  retained  the  terms  for  n*photon  emission  and  absorption  (or  future  comparison  with  the 
ji  :  I  term  that  we  are  now  considering.  In  the  polaron  units  used  here  the  classical  electron  oscilla¬ 
tion  amplitude  Tq  equals  where  the  real  amplitude  E  of  the  optical  electric  field  equals  the 

amplitude  in  esu  divided  by  -  (w^/e)  (Am^/u^)}.  For  our  parameters  E  equals  (the  field  in  V/cm)  f 
(I.  24  X  10^).  The  Hessel  function  coefficients  in  eq  (14)  are  the  exact  amplitudes  for  absorbing  (or 
emitting)  n  optical  photons  in  the  process.  Their  arguments  are  of  order  10'^^  l(W/cm^)  and  so  the 
approximation  J  (x)  ~  (x/2)"/n!  is  accurate  here.  Consider  now  the  rate  r^b  for  the  impurity  inter¬ 
acting  with  one  ^ectron  in  the  optical  field  to  make  a  transition  from  a  state  |  a)  to  a  state  |b),  for 


which 


In  terms  of  the  rate  eq  (14) 


/(£)  ri£  -  £  ♦  k:  a  •*  b) 


where  f(p)  is  the  initial  conduction  electron  distribution  and  only  the  n  =  1  term  inf  is  needed.  To 
evaluate  r^j,  it  remains  to  estimate  the  dependence  of  the  matrix  elements  of  v|^  on  k.  We  shall  use  the 
"dipole  approxinrution"  in  which  (b|  expik* ^j|  a)  ~ik*(b|^|a).  For  definiteness  we  will  assume  that 
the  impurity  is  spherically  symmetric  so  that  lit  k~<b|£^a) j ^  »  k‘  Xgg  where  Xba  *•  Ihe  dipole  matrix 
element  of  the  impurity  transition.  Finally,  befor'e  evaHniting  eq  (20),  we  average  over  all  directions 
of  fl  so  that  the  J|2  terms  becomes  (kE/2u)2/3.  The  n  :  I  contribution  to  the  sum  over  k  in  eq  (15)  is 
then  *“ 


'ab  •  5^  Mp)  «P) 


where 


K^+p 

L(p)  *  J  dk  k*"'‘/p.  (16b) 

Generally  K,,,  3  Cp^  4  2(v  •  w^g)]^  is  much  larger  than  the  magnitude  of  p  allowed  in  f(p).  In  this  case, 
it  is  sufficiently  accurate  to  approximate  eq  (I6b)  by 

L  ~  2[2(*  •  (17) 

and  we  see  that  the  impurity  excitation  rate  is  essentially  independent  of  the  initial  small  conduction 
electron  momentum  £.  Since  Cp  f(p)  -  I,  this  fact  makes  the  sum  in  eq  (16a)  trivial.  The  total  rate 
Rgb  for  an  impurity  to  absorb  a  photon  is  rgt,  times  the  number  of  conduction  electrons  in  the  interaction 
volume  V  It  is  convenient  to  express  Rg),  in  terms  of  a  photon  absorption  cross-section  ?gb  which 
equals  Rgb  4  (the  incident  photon  flux).  Recalling  that  2v  is  numerically  10**^  l(W/cm2),  we  have 
from  eq  (15)  for  sapphire 

".b  ~  <*  *  V*  "e 


ia  poUron  units  where  the  electron  density  is  6.  15  x  10*  ^  times  the  number  of  electrons  per  cc  o. 
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To  »eo  ihf  iniporlani-f  of  the  transition  cross-section  eq  (18)  relative  to  direct  photo-exc itat ion. 
we  estiiii.Ue  the  density  of  impurities  N,  cm*  J  that  would  bo  required  to  attenuate  the  optical  beam  more 
than  does  the  direct  photo- exc itation  process.  Of  course,  the  latter  attenuation  is  not  known,  but  it 
must  be  less  than  the  total  attenuation  in  sapphire,  ,ind  that  is  less  than  10*^  per  cm.  For  arpunient. 
suppose  th.it  direct  phot  o  -  exc  Itat  ion  causes  less  than  lO'^  per  cm  optical  attenuation  (it  probably  causes 
much  K’.s.sl.  For  our  estimate,  let  us  assume  in  eq  (18)  tl.at  1 “'ab  ^  ^  ■  lOl^  \v/crii^ 

and  3  1  lo't'  as  iii  previous  examples.  This  uives  -ab  ~  lO’*^  rln^  so  that  Nj  ~  10*'^  impurities  per  cc 
would  b<’  required  to  m.ike  these  eonduc t ion- ele  tron- medial  ed  impurity  transitions  attenuate  the 
optical  beam  by  ID'  '  per  cm.  Cions iderinn  all  the  kind',  ot  dislocations  and  foreiftn  ions  which  minht 
take  part  .<s  impurities  in  ihis  process,  wo  feel  that  it  is  not  unreasonable  that  such  an  impurity 
density  couhl  exist.  Of  course,  there  are  so  many  order -of- maitnilude  estimates  of  unknown  quantities 
in  the  forep.omi;  th.it  the  result  can  only  be  considered  as  sujtttestive  of  a  kind  of  process  that  must  be 
considere  l  as  compeiiliv,-  with  other  possibilities  at  this  time.  However,  the  experimental  observation 
of  a  rapidly  ini.  reasiii^;  dc  plioioconductivity  near  dainaite  thresholds  [71  does  suepest  a  ''bootstrap  ' 
process  such  .is  the  above  by  which  conduction  electrons  ran  create  more  of  their  kind,  even  before 
they  become  so  enerpeUe  as  to  tonize  the  lattice. 

We  have  examined  the  enhancement  of  the  sinple-pholon  bound- free  photo- excitation  transitions 
that  arise  from  i-q  (14),  and  have  estimated  that  excitation  cross-section  also  to  be  of  order  10''^^  cm*- 
under  the  .same  conditions.  This  is  probably  less  than  the  cross-section  for  direct  photo  excitation. 

If  multi-photon  excilation  is  important  in  produ-'inp  electrons,  then  the  hipher  n  terms  of  eq  (14) 
probably  doiiuiiale  direct  absorption  near  damage  lev.'ls.  The  expansion  parameter  in  eq  (14)  is  of 
order  10*'  '  l(W/cm2),  whereas  it  is  ^  10**  '  i  for  di;  ict  mul'-i-photon  absorption. 


6.  Focusing  F.ffects 


In  a  region  of  the  crystal  in  which  conduction  electrons  have  been  excited  there  is  a  change  in  the 
refractive  index  6n  given  by 


2 


(19) 


At  a  density  10  cm*  ,  electrons  (with  free  electron  band  mass)  have  a  plasma  frequency  of  10  llz, 
which  gives  '-'j,/  '  —  0.  002  1  and  6n  —  5.  i  x  10*^.  This  index  change  is  comparable  to  that  required  to 
kcif-focus  ,1  one  rnilliradian  gaussian  beam.  If  the  electron  density  were  proportional  to  the  optical 
intensity  1,  and  this  index  change  were  produced  when  I  =  10*®  W/cm^,  then  the  index  change  would 
constitute  .1  SI  com!  urdi  r  nonlinear  iiide.x  (often  written  n>  E^)  whose  nonlinear  coefficient  •n2  would  be 
•  2  X  10'*  *  esu.  this  IS  nepalive  and  an  order  of  magnitude  larger  than  w'h..t  one  would  guess  is  the 
intrinsic  nonlinear  index  oi  the  bound  electrons  in  sapphire  However,  we  suspect  that  the  electron 
density  is  incro.asinp  much  more  rapidly  than  I  at  high  intensities  [7]  and  so  the  effect  of  the  index  ot 
eq  (19)  IS  not  simple.  Furthermore,  impurity  electrons  which  are  excited  to  bound  states  more  than  •• 
below  the  band  edge,  such  as  by  the  process  discussed  in  the  previous  section,  have  an  increased 
polarizability  and  would  lend  to  cancel  the  effect  eq  (19)  of  conduction  electrons 


Suppose  the  net  effect  of  impurity  transitions  were  to  produce  a  negative  and  highly  nonlinear 
refractive  index  chance,  as  would  be  the  case  if  the  conduction  electron  effect  eq  (19)  dominated,  li.e* 
there  would  be  strong  s"lf-defocusing  of  a  beam  in  regions  of  very  high  intensity,  out  only  the  inlrinsi. 
•  elf-focus iiip  index  wnulcl  be  operative  in  regions  of  smaller  intensity,  Ihis  would  evidently  result  iv 
successive  regions  of  high  intensity  along  the  beam  as  each  effect  produces  in  turn  a  focusing  tende:..". 
that  brings  the  other  effi-ci  into  dominance.  Damage  tracks  in  sapphire  and  other  materials  consist 
a  sequence  of  damage  bubbles  that  arc  suggestive  of  such  a  (irocess.  However,  we  have  not  calcula'.e  ' 
the  spacing  of  the  successive  high-intensity  regions  on  the  basis  of  some  reasonable  model  to  see 
whether  there  is  any  possible  correspondence  between  these  speculations  and  observation. 


7.  Diecussion 


Although  there  are  alternate  explanations  for  the  behavior  of  damage  tracks  observed  in  sa;.".'  ' 
ri4],  it  seems  likely  that  self- focusing  is  occurring  and  playing  a  role  in  the  damage.  (It  is  curio 
that  the  appearance,  lengths,  and  positions  of  damage  tracks  differ  between  ruby  and  sapphire  .1  ■ 
srlf-focuHinp  is  occurring,  ii  makes  especially  difficult  the  determination  of  the  actual  optical  m  .'  '  > 
at  which  the  material  ruptures,  and  this  in  turn  lends  .in  extra  uncertainty  to  the  parameters  we 
used  in  disiutsinc  the  role  of  conduction  electrons  in  damage.  Probably  the  most  promising  w.r. 
detcrmiriv  more  precisely  what  the  electrons'  role  may  be  is  to  determine  the  parameters  of  th« 
conductwn  electrons  below  d.image  intensities.  It  would  be  especially  desirable  to  have  reliable 
phot  OI  cin'hiciiviiy  Tueasureiiienls  belwei'n  the  intensities  5  W/cm^,  the  highest  used  by  Hochuli  '  » 

10*0  W/irn"^,  the  lowest  used  by  llelikova,  et  al  in  their  measurements.  With  the  high  lip” 

intrnsitiei  available  with  l.isers,  it  may  now  be  possible  to  excite  enough  electrons  to  obtain  a 
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meaningful  Hall  effect.  Perhaps  the  time  decay  of  photoconductivity  and  lum'.nesconce  after  an  I'xcilinj; 
pulse  could  be  observed  und  yield  information  on  carrier  lifetimes,  trappiny  times,  etc.  Unforliinalely, 
the  important  and  pervading  parameter  —  tlic  effective  mass  in  the  conduciion  band  (and  its  anisolropy)  - 
appears  to  be  extremely  difficult  to  dotor.niine  experimentally. 

Should  the  photo-excited  electrons  be  fourid  to  play  si^tnificant  roles  in  damage,  such  as  ihose  we 
have  discussed,  then  it  may  be  possible  to  fabricate  more  daniaite- resistant  sapphire  and  ruby,  for 
example,  if  self-focusing;  is  presently  instrumental  in  damage,  then  it  mielit  be  reduced  bv  adding 
donor  impurities  that  produce  a  linear  photoconductivity  at  Itinh  intensities  and  thus  reduce  the  lolal 
nonlinear  index  via  the  index  change  of  eq  (19).  On  the  othi  r  hand,  those  donors  that  pive  a  hisihly 
nonlinear  photoconductivity  and  a  sudden  production  of  hi^h  electron  densities  that  result  in  rupture  by 
photo-absorption  may  perhaps  be  eliminated  from  the  crystals  or  compensated  by  other  additives.  In 
any  case,  it  is  evident  that  the  availability  of  high- intensity  laser  sources  will  ereatly  facilitate  the 
study  of  the  conduction  bands  and  impurity  levels  in  very  uicakly  photoconducting  materials  such  as 
sapphire  and  ruby. 
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'  In  this  report  the  results  of  a  number  of  experiments  are 
presented  as  well  as  a  summary  of  the  theoretical  work.  Bulk  damage 
thresholds  for  several  ruby  and  sapphire  samples  from  different 
sources  are  presented.  The  problem  of  surface  damage  is  discussed, 
and  qualitative  comparisons  between  entrance  and  exit  surface  damage 
are  made.  Differences  between  the  gross  characteristics  of  bulk 
damage  in  ruby  and  sapphire  are  presented  and  discussed.  The  de¬ 
pendence  of  damage  threshold  on  Ti02  doping  and  optical  pumping 
is  pre.sented.  The  unexpected  results  are  discussed  and  further 
experiments  proposed.  '■•.The  theoretical  treatment  deals  with  processes 
by  which  "cold"  conduction  electrons  may  damage  the  lattice  before 
they  gain  enough  energy  to  ionize  their  surroundings.  It  is  shown 
that  the  energy  that  the  conduction  electrons  absorb  linearly  from 
the  optical  beam  is  deposited  almost  immediately  in  the  lattice 
and  is  of  sufficient  magnitude  to  form  a  rupturing  shock  wave. 

It  is  also  shown  that  the  photoexcitation  of  impurity  levels  is 
enhanced  by  the  presence  of  conduction  electrons.  The  presence 
of  conduction  electrons  and  excited  impurities  is  likely  to  alter 
the  refractive  index  significantly  and  affect  the  focusing  (self- 
or  external)  in  a  complicated  way.  Implications  of  these  results 
for  riisinq  damage  thresholds  are  discussed. 
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